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vABSTRACT
Modern phylogenetic methods and molecular data can be powerful tools for examining
the evolution of organisms.  Of particular interest are historical processes that influenced the
diversity and distribution of modern taxa.  I examined the evolutionary history of two families of
birds, the barbets and toucans (Ramphastidae) and the trogons (Trogonidae).  Both groups occur
in three disjunct tropical regions, a pattern that offers no simple historical explanation.  In
addition to their distributions, these two families are also similar in that they are relatively
ancient groups but have highly conserved and distinctive morphologies.  DNA sequence data do
not produce concordant phylogenies for the two families.  However, data incongruence and
model misspecification in the trogon data set limited phylogenetic resolution and precluded
inferences about trogon historical biogeography.  In contrast, the molecular data from the barbets
yielded a highly resolved phylogeny supporting monophyly of barbets from each tropical region.
Pairwise divergence estimates and fossil evidence support an Old World origin for the family.
Two genera (Trachyphonus and Calorhamphus) diverged from other barbets relatively early and
have no close living relatives, but most lineages arose more recently.  I studied one of those
lineages, the African tinkerbirds (Pogoniulus), in more detail to examine speciation patterns and
geographic differentiation in Africa.  The tinkerbirds exhibit a pattern of early differentiation
between habitat types and subsequent differentiation within those habitats.  This pattern of
differentiation does not conform to any single speciation model for African birds.   In addition,
all species with geographic representation show evidence of substantial genetic differentiation
between populations.    
 
1CHAPTER 1: INTRODUCTION
Several general distribution patterns are well known for higher level taxa of birds.  The
most pervasive pattern is endemism to a particular continent or biogeographic region.  Most
endemic families occur in tropical faunal regions, but the number varies from region to region.
For example, the Neotropics contain 13 endemic nonpasserine families, while the Ethiopian
region has 9, the Australasian region 7, and the Oriental region none (Gill 1995).  On a wider
geographic scale, several groups are restricted to the Old World tropics, but span more than one
continent or biogeographic region.  At yet higher taxonomic levels and broader geographic scales
are taxa that span the New World and the Old World, often encompassing regional endemic taxa.
Of the more intriguing distribution patterns spanning the New and Old World are groups that
occur only in tropical regions around the globe.  This dissertation examines the evolution of two
bird groups with just such pantropical distributions.  
Several avenues of inquiry can shed light on factors that influence avian distribution
patterns.  Examinations of geologic and geographic history can identify vicariant events that
increase diversity, including plate tectonics, sea-level changes, and mountain building.  The
fossil record provides information on past distributions and reveals extinct taxa.  Palynology can
help in the reconstruction of historical habitats.  Taken together, these data provide clues to help
reconstruct the historical phenomena that influenced bird diversity and distribution.  However,
before these data can be considered, avian distribution patterns must be described, and groups
with similar patterns must be examined for phylogenetic concordance.  If multiple groups share
both a distribution pattern and a similar phylogenetic history, then historical processes that might
have caused these patterns can be considered.
2Here, I examine the evolutionary history of two families of birds, the barbets and toucans
(Ramphastidae) and the trogons (Trogonidae).  Both have disjunct, pantropical distributions, and
the fossil record indicates that they are relatively old lineages.  Moreover, they both have
unusually conserved morphologies and low dispersal abilities, raising questions about the
evolution of their pantropical distribution.  This is the first study of barbet relationships to
combine thorough taxon sampling and appropriate molecular markers.  Because of this
combination, it provides insight into a number of questions about barbet biology, including basic
taxonomy, convergent evolution, pantropical biogeography, and the evolution of sociality.  This
is the second study to examine trogon relationships, but delves more deeply in evolutionary and
systematic issues governing reconstruction of the trogon phylogeny.  Below, I introduce issues
that are addressed in detail throughout the dissertation, and summarize the structure of the
dissertation.      
THE BIRDS
Barbets and toucans are a group of largely frugivorous birds (infraorder Ramphastides,
Sibley and Monroe 1990; family Ramphastidae, AOU 1998) inhabiting the Neotropics (9 genera,
55 species), sub-Saharan Africa (7 genera, 42 species), and Southeast Asia (3 genera, 26
species), but which do not cross Wallace's line into the Australian region.  Although generally
restricted to forest, some species thrive in disturbed areas, and some African species inhabit open
woodland and scrub.  Although they range in size from the tiny African tinkerbirds (Pogoniulus)
to the large toucans (Ramphastos) of South America, their general morphology is remarkably
conserved.  They have relatively short wings, heavy bodies, and stout bills (taken to an extreme
in the toucans).  They are generally weak fliers and have low dispersal ability, as evidenced by
3their absence from the West Indies, Sulawesi, and Madagascar, even though several barbet
species are found nearby in Central and South America, Borneo, and eastern Africa respectively.
The trogons (Aves: Trogonidae) are a family of 39 species that also show a pantropical
distribution.  Trogons occur in Africa (3 species), the Neotropics and southernmost Nearctic
region (25 species), and Southern and Southeast Asia (11 species).  They are restricted to forest
areas and do not disperse well outside of forest cover.  Most species specialize on capturing large
insect prey, but some also include large amounts of fruit in their diet.  As with barbets, trogons
do not occur on Madagascar or Sulawesi and the Australian region although these areas contain
suitable habitat and trogons occur nearby in Africa and SE Asia respectively.  They do occur,
however, in the Greater Antilles, presumably reflecting an ancient connection to Middle America
rather than over-water dispersal.  Trogons have a conserved body plan and plumage patterns, and
are unique in having a heterodactyl foot in which digits 1 and 2 are rotated to the rear and digits
3 and 4 are partially fused.  
Similarities in distribution, dispersal ability, and conserved morphology make barbets and
trogons ideal for pantropical comparisons.  How trogons and barbets came to occur in disjunct
tropical areas separated by thousands of kilometers of ocean is a mystery, especially given their
poor dispersal ability.  An important issue in pantropical biogeography is defining distributions
that are included under the broad label of “pantropical” and how to subdivide those taxa into
more informative categories.
PANTROPICAL DISTRIBUTIONS
How birds came to have a pantropical distribution has long intrigued ornithologists.
Although most birds can fly, many are weak fliers and others are unwilling to leave the cover of
forest.  The pantropical distribution of ratites was especially intriguing, because these flightless
4birds are found throughout the Southern Hemisphere and their distribution defied any dispersal-
based hypothesis.  Not until plate tectonic theory and vicariance biogeography could we
hypothesize a plausible historical process explaining these birds’ distribution (Cracraft 1973).
Subsequently, the same rational has been applied to many other bird groups (Cracraft1974,
2001). However, not all pantropical distributions are the same.  The Australian region is included
in some pantropical bird distributions, but absent from others.  Some groups include a few
temperate species, whereas others are strictly tropical.  Some pantropical groups are proven long-
distance dispersers, whereas others are poor dispersers.  Moreover, the diversity within
pantropical groups varies greatly, from three species (in the finfoot family) to hundreds of
species (in the suboscine passerines).  
Many bird groups (e.g. storks, finfoots, jacanas, kingfishers, and suboscines) are
pantropically distributed, but barbets and trogons differ from these groups in two important
ways.  First, they are poorly dispersing tropical forest birds.  This makes their disjunct
distributions especially enigmatic.  Many of the other groups are water birds not restricted by
forest (e.g. storks, finfoots, jacanas) or have greater dispersal ability (e.g. kingfishers and
suboscines).  Second, both groups are conspicuously absent from the Australian region, one of
the major fragments of Gondwana.  This distributional gap is an especially important feature
because a Gondwanan origin has been inferred for many pantropical groups.
Biogeographic hypotheses explaining disjunct distributions rely on dispersal or
vicariance.  At their simplest, dispersal models assume that range expansions were significant
events, whereas vicariance models assume that the formation of barriers were significant events.
However, dispersal and vicariance can both result in similar distribution patterns, so it is more
useful to examine major historical phenomena that may have influenced dispersal or vicariance. 
5For birds, the two historical phenomena most likely to have influenced global bird distributions
are the breakup of Gondwana during the Cretaceous and the tropical climate of Laurasian in the
Tertiary. 
Cracraft (1973, 1974) hypothesized that many vertebrate distribution patterns can be
explained by a Gondwanan origin.  Phylogenetic hypotheses and molecular clock data for
higher-level bird groups support this view (Hedges et al. 1996, Cooper and Penny 1997, Cracraft
2001, Barker et al. 2002).  However, Gondwanan vicariance hypotheses require that bird groups
be older than the fossil record indicates.  The exact date of separation of each continent from
Gondwana is difficult to determine, but a range of estimates is available.  The earliest vicariant
event of interest is the separation of India from Antarctica and Africa at 130-120 Ma (Smith et al.
1994, McElhinny and McFadden 2000).  The southern Atlantic Ocean began opening between
Africa and South America approximately 130 Ma (Courtillot et al. 1999, McElhinny and
McFadden 2000), with the last land connections between the two continents severed by 100 Ma
(Smith et al. 1994).  These represent the latest possible vicariant events between the regions that
now contain barbets and trogons.  Thus, by the Cretaceous-Tertiary (KT) boundary at 65 Ma,
Africa, South America, and India were widely separated by ocean (Fig. 1.1).  Dispersal between
recently separated regions may have been possible for a short time after separation, but would be
largely dependent on climate.  For example, in the Aptian and Albian (119 – 98 Ma) the Atlantic
coasts of Africa and South America were extremely arid (Parrish 1993), which may have
prevented any dispersal of forest species between the continents. 
In contrast with Gondwanan explanations, Laurasian vicariance and dispersal models are
poorly developed for birds, but are attractive because they are more congruent with the fossil 
6Figure 1.1.  Configuration of the southern continents at the K/T boundary (65 Ma).  Brown areas
are continental plates and red areas trace modern day coastlines.  Emergent land area would have
been contingent on sea level fluctuations.  Map generated at
www.odsn.de/odsn/services/paleomap/paleomap.html (see Hay et al. 1999)
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8record.  A northern model assumes that taxa were broadly distributed in Laurasia at one time and
current distributions are relictual.  Identifying times when dispersal between the northern 
continents was possible is crucial for northern models.  Broad distributions of tropical taxa in the
Northern Hemisphere are contingent upon factors such as regional tectonics, climate, and sea
level.  The early Eocene was the warmest time in the Tertiary and latitudinal temperature
gradients were low enough to allow tropical flora to extend up to latitudes of 50° N (Crowley
and North 1991, Frakes et al. 1992).  Subtropical evergreen and seasonal forest blanketed the
entire polar region, and typically tropical fauna occurred as far north as Ellesmere Island, 78° N
paleolatitude (Estes and Hutchinson 1980, McKenna 1980).  There is substantial evidence of
dispersal between Europe and North America in plant groups (Kvacek and Manchester 1999,
manchester 1999, Mourer-Chauvire 1999a, b, Kvacek et al. 2000, Donoghue et al. 2001, Manos
and Stanford 2001, Xiang and Soltis 2001, Golovneva 2002).  After the early Eocene, a gradual
cooling trend was punctuated by short intervals of warming in the middle and late Eocene and
early Miocene as well as a sharp temperature drop at the Eocene-Oligocene boundary.  
Tectonics affected the extent of land connections at high latitudes in the Tertiary,
especially between Europe and North America (Figure 1.2).  Rifting in the north Atlantic
gradually separated Greenland from North America and Europe, eventually severing all land
connections (Smith et al. 1994, Courtillot et al. 1999).  Although the northern continental plates
moved far less than the Gondwanan plates in the Tertiary, the amount and configuration of
terrestrial habitat was far different than today.  North America was bisected vertically by the
mid-continental seaway until the early Tertiary, whereas the Bering Land Bridge sporadically
connected Asia and western North America throughout the Tertiary.  For much of the Paleogene, 
9Figure 1.2.  Configuration of the northern continents at 37 Ma.  Brown areas are continental
plates and red lines trace modern day coastlines.  Emergent land area would have been
contingent on sea level fluctuations.  Blue arrow indicates Ellesmere Island, see text for details.
Map generated at www.odsn.de/odsn/services/paleomap/paleomap.html (see Hay et al. 1999).
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the Obik seaway (Smith et al. 1994) separated Europe and Asia.  Closure of this seaway in the
Oligocene resulted in a great faunal turnover, the Grande Coupure.  It is clear that multiple
opportunities for dispersal and vicariance existed in the Tertiary of Laurasia, and might explain
barbet and trogon distributions.  However, before a particular distribution pattern can be
attributed to any particular biogeographic model, taxa with similar distributions must be
examined for phylogenetic concordance. 
DATA INCONGRUENCE AND PHYLOGENETIC INFERENCE
Many factors, such as taxon sampling, character sampling, and method of phylogenetic
inference, affect the accuracy of phylogenetic trees.  For example, Felsenstein (1978) showed
that parsimony methods are inconsistent under certain conditions, so that increasing the amount
of data does not increase phylogenetic accuracy.  This was early evidence that appropriate
evolutionary models are required to deal with some data.  As a result, likelihood methods now
incorporate models that match the mechanisms of nucleotide evolution better than simple
parsimony.  However, choosing the correct model can be difficult, and all models require
assumptions. 
Gaut and Lewis (1995) and Sullivan and Swofford (1997) demonstrated the importance
of adequate models in phylogenetic analysis of molecular data.  Although likelihood models are
robust to assumption violations, inappropriate models can lead to inaccurate trees.  Buckley
(2002) further illustrated the problem of model misspecification in several widely used data sets,
and also examined its effect on topology testing.  In many cases, inappropriate models produced
inaccurate trees that were highly supported by topology tests.  Isolating specific substitution
properties that affect the reliability of phylogenetic inference can increase the accuracy of results
and also identify genes appropriate for future analyses.  
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In the course of examining barbet and trogon relationships, I applied model-based
methods and topology tests to choose a topology or set of topologies that best represented the
data.  The data sets include DNA sequences from nuclear introns and mitochondrial protein-
coding and ribosomal genes; sequence types that exhibit substantially different substitution
properties.  I employed a variety of methods to examine the phylogenetic signal in each gene and
identify possible cases of model misspecification.  Comparison of the substitution properties of
each gene increased confidence in certain results and illustrated the pitfalls of interpreting data
uncritically.  
AFRICAN SPECIATION PATTERNS
In addition to examining global patterns of diversification, I also focused on diversity
within a specific region, Africa.  Here I consider two forces that contribute to distribution
patterns and diversity in a group.  First, historical processes interact to create both the diversity
and geographic patterns.  Second, ecological factors maintain diversity.  These forces are not
mutually exclusive; the ecological forces that maintain diversity and distribution patterns also
contribute to the creation of those patterns as well.  So, in examining the mechanisms that may
have contributed to a group’s diversity and distribution, major dispersal or vicariance events are
not the only phenomena of importance.  Other factors such as competition, predation, and
climate may play roles in radiation into new niches or even new geographic regions, thus
affecting diversity and distribution patterns.
Unlike Asian and New World barbets, all four lineages of African barbets have evolved
to live in a wide range of habitats, from tropical forest to dry savannas and even semi-desert.
Models that explain avian diversity in Africa focus entirely on lowland tropical rainforest or
montane forest, habitats that cover a relatively small proportion of sub-Saharan Africa.  Existing
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models have two shortcomings.  First, the data supporting them are minimal and biased by poor
sampling.  The paucity of modern phylogenetic studies of African birds means that most studies
have relied on species distribution data and old taxonomy.  Furthermore, the few phylogenetic
studies that test speciation models assume that species are the basic unit of diversity, and they
overlook populations.  Second, the existing models are not adequate to explain the diversity and
distribution of groups that inhabit multiple habitats.  I employed molecular methods to infer the
phylogeny of the tinkerbirds (Pogoniulus), a small genus of barbets that are found in a wide
variety of habitats.  I used the phylogeny to address two questions: First, are described species
the appropriate level at which to examine biodiversity?  Second, how do existing models apply to
a group not restricted to one habitat?  
DISSERTATION STRUCTURE
The first chapter of this dissertation describes the phylogenetic reconstruction of the
barbet family and compares the resulting hypothesis to previous hypotheses based on other
molecular and morphological data sets.  Vicariance and dispersal scenarios are examined for
concordance with the phylogenetic structure.  The phylogeny is also used to examine the origin
of colonial nesting in two geographically separate, but strikingly similar genera.  In a theme that
is carried through to the second chapter, a variety of data sets and analytical methods are
examined for phylogenetic congruence.
The second chapter reanalyzes molecular data previously produced to build the
phylogeny of the trogons (Trogonidae).  Specifically, two genes (cytochrome b and the 12S
ribosomal subunit) are compared and the phylogenetic estimates that they produce are examined
extensively.  A large portion of this chapter deals with data congruence and model
misspecification.  Taken together, the barbet and trogon data provide an excellent opportunity to
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examine the accuracy and reliability of phylogenetic inference.  Unfortunately, significant data
incongruence and consequent poor resolution in the trogon phylogeny limits possible
comparisons between the barbet and trogon phylogenies.  
In the third chapter I return to the barbets and look at patterns of differentiation within
Africa, especially the role that habitat change may have played in their diversification.  This is
the first of four studies that I plan for African barbets.  A major thrust of this chapter is the
examination of a popular assumption in studies of speciation in African birds; that described
species are the basic unit of biodiversity. 
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CHAPTER 2: PHYLOGENETICS OF BARBETS (AVES: PICIFORMES) BASED ON
NUCLEAR AND MITOCHONDRIAL DNA SEQUENCE DATA
INTRODUCTION
Barbets and toucans are a group of largely frugivorous birds (Ramphastidae, AOU 1998)
inhabiting the Neotropics (9 genera, 55 species), sub-Saharan Africa (7 genera, 42 species), and
Southeast Asia (3 genera, 26 species), but which do not cross Wallace's line into the Australian
region.  They are generally restricted to forest, but some species thrive in disturbed areas, and
some species in African genera (e.g. Trachyphonus and Stactolaema) inhabit open woodland and
scrub.  Although they range in size from 8-g tinker-barbets to 800-g toucans, their general
morphology is remarkably conserved.  They have relatively short wings, heavy bodies, and large
bills (taken to an extreme in the toucans).  They are generally weak fliers and are not believed to
have great dispersal ability, as evidenced by their absence from the West Indies, Sulawesi, and
Madagascar, even though several barbet species are found nearby in Central and South America,
Borneo, and Africa respectively.
Barbets share the same general pantropical distribution pattern with some other forest-
dwelling avian taxa (e.g. trogons, kingfishers, and suboscine passerines).  Neither dispersal or
vicariance scenarios explaining this distribution are supported by existing data.  The preeminent
vicariance hypothesis for birds (Cracraft 1973, 1974, 2001) relies on the fragmentation of
Gondwana and is unlikely explain this pantropical distribution.  Most bird groups are thought to
be younger than the breakup of Gondwanaland (Sibley and Ahlquist 1990, Feduccia 1995),
although evidence is increasing that the age of some groups has been underestimated (Hedges et
al. 1996, Cooper and Penny 1997, Cracraft 2001).  Because of the barbets' weak flight and
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absence from major tropical islands (e.g. Madagascar, Sulawesi, and the Greater Antilles), over-
water dispersal among the three tropical areas is also unlikely. 
Asian and African barbet species are expected to be more closely related to one another
than to New World taxa because of the low latitude land connection between the two continents
and the large number of widespread Paleotropical bird groups common to them but absent from
the Neotropics (e.g. bee-eaters, hornbills, pittas, bulbuls, and sunbirds).  This close connection
between Africa and Asia also raises the possibility that clades may not be restricted to one
continental area.  In particular, the phylogenetic relationships of two genera of barbets
(Calorhamphus and Gymnobucco) that are geographically distant (SE Asia and Sub-Saharan
Africa, respectively), but similar in plumage, voice, and breeding behavior, have long baffled
systematists.  A large geographic distance separates the two genera, whereas plumage, voice, and
behavior unite them (Ripley 1945).  The first step in deciphering the evolutionary history of the
barbets and other pantropical groups, therefore, is to examine their phylogenetic patterns for
concordance.
PREVIOUS PHYLOGENETIC WORK
Three previous, modern, phylogenetic hypotheses of barbet relationships have been proposed.
First, Prum (1988) used cladistic analysis of morphological characters to produce the only barbet
phylogeny that extensively sampled both Old World and New World taxa (Fig 2.1a.).  He
proposed a sister relationship between Asian and New World radiations, although the position of
the Asian genus Calorhamphus was unresolved near the base of the tree.  African barbets were
basal and paraphyletic, with Trachyphonus basal to all other barbets.  Second, using DNA-DNA
hybridization, Sibley and Ahlquist (1990) found a sister relationship between New World and
African taxa (Fig. 2.1b).  However, sampling of African taxa was sparse, including only three 
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Figure 2.1.  Previous hypotheses of barbet relationships. (a) Hypothesis of toucan and barbet
relationships using cladistic analysis of morphological characters (Prum 1988).  (b) DNA-DNA
hybridization results from Sibley and Ahlquist (1990).  (c) Summary of relationships based on
cytb data from Barker and Lanyon (2000).  Open bars indicate African taxa, gray bars New
World taxa, and black bars Asian taxa.
18
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genera (Pogoniulus, Lybius, and Tricholaema).  The Asian radiation was basal to the rest of the
barbets and toucans but Calorhamphus was not included in their study.  Sibley and Ahlquist’s
(1990) was the only study to recover monophyly of barbets from each tropical region, but many
genera were not included.  Third, cytochrome b DNA sequence analysis of barbets (Barker and
Lanyon 2000) found a weakly-supported sister relationship between the New World radiation
and the African genus Trachyphonus (Fig. 2.1c), whereas other Old World relationships were not
well resolved.  Barker and Lanyon (2000) also verified earlier morphological (Burton 1984,
Prum 1988) and molecular (Sibley and Ahlquist 1990, Harshman 1994) studies showing that
toucans are a species-rich radiation nested within the barbets rather than a separate group.  In
addition, Barker and Lanyon (2000) found support for paraphyly of the New World barbets.
Semnornis ramphastinus, the Toucan Barbet, was basal to the entire New World radiation
(barbets and toucans), rather than sister to the New World barbets.  Relationships of the genus
Trachyphonus seem to be one of the more intractable problems in the barbet phylogeny.
Morphological characters (Prum 1988) place it basal to all other barbets and toucans, whereas
mitochondrial DNA sequence data (Barker and Lanyon 2000) place it as sister taxon to the New
World radiation.  Neither data set places it with the other African barbets.  Sibley and Ahlquist
(1990) did not include material from this genus. 
The intractability of deeper barbet relationships could result from historical factors, data
deficiencies, or a combination of the two.  Multiple speciation events in temporal proximity can
preclude the accumulation of sufficient genetic change along branches and render the sequence
of events unrecoverable to modern analyses (Lanyon 1988).  A solution to the problem is to use a
genetic marker that evolves quickly enough to accumulate measurable change along short
internodes.  On the other hand, a marker that evolves too quickly will be overcome by redundant
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changes that overwrite the phylogenetic signal from deeper portions of the tree (saturation).  The
only gene that has been used to examine barbet relationships is the relatively fast-evolving
mitochondrial cytochrome b (Lanyon and Hall 1994, Barker and Lanyon 2000).  Although this
gene has provided phylogenetic signal within the New World radiation, it seems to be at the limit
of its useful range when confronted with the deeper barbet nodes (Barker and Lanyon 2000).  
To examine the higher level relationships among the barbets, I compared DNA sequences
of two genes from all genera of barbets and toucans: mitochondrial cytochrome b (cytb) and
intron 7 of the nuclear gene β-fibrinogen (FIB7).  The β-fibrinogen intron has been shown to
evolve more slowly than cytochrome b and therefore exhibit less homoplasy in higher-level
comparisons (Prychitko and Moore 1997, Johnson and Clayton 2000).  A combination of these
genes and model-based phylogenetic methods provides a well-resolved estimate of barbet
relationships, allowing speculation on barbet biogeography and life history evolution.        
METHODS
TAXON SAMPLING  
At least one species of all currently recognized genera of barbets and toucans was included in the
study (Table 2.1).  Multiple species and individuals were examined for genera that have proved
problematic in earlier studies or that might lie on long branches, such as Trachyphonus and
Calorhamphus.  Outgroup taxa were drawn from two closely related piciform families, the
woodpeckers (Picidae, 5 species) and honeyguides (Indicatoridae, 1 species).  Molecular
(Lanyon and Zink 1987, Sibley and Ahlquist 1990) and morphological (Simpson and Cracraft
1981, Swierczewski and Raikow 1981, and Olson 1983) studies indicate that these two families
are barbets’ closest living relatives. 
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Table 2.1.  Specimens used in this study
Species Common name Locality Sourceb Identification#
Ingroup
Calorhamphus fuliginosus (2) Brown Barbet Borneo LSUMNS B36365,
36366
Megalaima monticola Mountain Barbet Borneo LSUMNS B36480
Megalaima mystacophanos Red-throated Barbet Borneo LSUMNS B36354
Megalaima virens Great Barbet Captive LSUMNS B20788
Megalaima lineata Lineated Barbet Captive LSUMNS B16809
Megalaima oorti Black-browed Barbet Taiwan AMNH GFB 3306
Megalaima franklinii Golden-throated
Barbet
Vietnam AMNH PRS 2250
Megalaima haemacephala Coppersmith Barbet Singapore AMNH PRS 703
Psilopogon pyrolophusd Fire-tufted Barbet Captive AMNH PRS676
Trachyphonus darnaudi D’Arnaud’s Barbet Tanzania ZUMC 115491 p2089a
Trachyphonus
erythrocephalus
Red-and-yellow
Barbet
Captive AMNH PRS 655
Trachyphonus vaillantii Crested Barbet South Africa LSUMNS B34240
Trachyphonus purpuratus Yellow-billed barbet Ghana LSUMNS B39456
Trachyphonus purpuratus “ CAR AMNH PRS 2042
Trachyphonus purpuratus “ Uganda FMNH 391667
Gymnobucco calvus Naked-faced Barbet Ghana LSUMNS B39378
Stactolaema whytii Whyte’s Barbet Tanzania ZUMC 115455 p2053
a
Stactolaema olivacea Green Barbet Tanzania ZUMC 115478 p2076
a
Stactolaema leucotis (2) White-eared Barbet Kenya FMNH A92024 a
A92026 a
Buccanodon duchaillui Yellow-spotted
Barbet
Uganda FMNH 391666
Lybius torquatus Black-collared Barbet Captive LSUMNS B5904
Lybius vieilloti Vieillot’s barbet Ghana LSUMNS B39329
Lybius dubius Bearded Barbet Ghana LSUMNS B39244
Lybius melanopterus Brown-breasted
barbet
Tanzania FMNH 387537
Tricholaema diadematum Red-fronted barbet Captive FMNH 363772
Tricholaema lachrymosa Spot-flanked Barbet Tanzania ZUMC 115276 p1874
a
Tricholaema leucomelas Pied Barbet South Africa LSUMNS B34219
Tricholaema hirsuta Hairy-breasted
Barbet
Gabon FMNH 396322
Tricholaema hirsuta “ CAR AMNH RWD 23760
Pogoniulus coryphaeus Western Tinkerbird Uganda FMNH 355270
Pogoniulus atroflavus Red-rumped
Tinkerbird
Ghana LSUMNS B39473
Pogoniulus scolopaceus Speckled Tinkerbird Ghana LSUMNS B39444
Pogoniulus chrysoconus Yellow-fronted
Tinkerbird
South Africa LSUMNS B34266
Capito dayi Black-girdled Barbet Bolivia LSUMNS B18305
Eubucco bourcierii Red-headed Barbet Panama LSUMNS B2108
Semnornis ramphastinusd Toucan Barbet Ecuador LSUMNS B7771
Ramphastos [vitellinus] ariel Ariel Toucan Brazil LSUMNS B35555
Table 2.1 cont.
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 Aulacorhyncus prasinus Emerald Toucanet Panama LSUMNS B1373
Andigena cucullata Hooded Mountain-
Toucan
Bolivia LSUMNS B1273
Selenidera reinwardtii Golden-collared
Toucanet
Peru LSUMNS B27756
Pteroglossus inscriptus Lettered Aracari Bolivia LSUMNS B8819
Baillonius bailloni Saffron Toucanet Paraguay LSUMNS B25891
Outgroup
Indicator minor Lesser Honeyguide Ghana LSUMNS B39245
Picus mentalis Checker-throated
Woodpecker
Borneo LSUMNS B36478
Picumnus aurifronsc Bar-breasted Piculet Bolivia LSUMNS B18254
Veniliornis nigricepsc Bar-bellied
Woodpecker
Bolivia LSUMNS 8176
Sphyrapicus variusc Yellow-bellied
Sapsucker
USA WSU 8513
Campephilus heamatogasterc Crimson-bellied
Woodpecker
Ecuador LSUMNS 11786
a Unvouchered blood sample.
b tissue sources: AMNH, American Museum of Natural History; FMNH, Field Museum of Natural History;
LSUMNS, Louisiana State University Museum of Natural Science; WSU, Wayne State University; ZMUC,
Zoological Museum University of Copenhagen.
c cytb sequence data from Moore and DeFilippis (1997) and FIB7 sequence data from Prychitko and Moore
(2000).
d cytb sequence from Barker and Lanyon (2000).
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SEQUENCING  
Whole genomic DNA was extracted from muscle tissue or buffered blood using
proteinase K digestion following the manufacturer’s protocols (DNeasy tissue kit, Qiagen Inc.).
The primers H4a (Harshman 1996) and L14841 (Kocher et al. 1989) were used to amplify a
portion of the cytochrome b (cytb) gene (see Table 2.2 for all primer sequences).  Amplifications
of smaller fragments from the initial PCR products or whole genomic DNA were performed with
two internal primers I designed for barbets, barbCBL and barbCBH.  Initial amplification of β-
fibrinogen intron 7 (FIB7) was performed using the primers FIB-BI7L and FIB-BI7U (Prychitko
and Moore 1997).  PCR products were visualized on a 1% agarose gel stained with ethidium
bromide.  Gel bands of Initial FIB7 PCR products were generally faint so I designed two internal
primers (FIBL2 and FIBU2, see Table 2.2).  These primers were used to reamplify smaller
sections of the intron from previous PCR products or from whole DNA extracts for some
samples.
I purified PCR products with a Qiagen PCR Purification kit.  Cycle sequencing of
purified PCR products was performed with ABI Prism BigDye Terminators (Perkin-Elmer).
The four PCR primers for each gene were also used in sequencing (Table 2.2), resulting in
double stranded sequence for all taxa.  Cycle sequencing products were run on an ABI Prism 377
automated DNA sequencer (Perkin Elmer Applied Biosystems).  The computer program
Sequencher 4.1 (Genecodes) was used to reconcile chromatograms of complementary fragments.
Sequencher was also used to align sequences across taxa.  FIB7 alignments were adjusted by
eye. 
Various gene sections were difficult to amplify or sequence in some samples.  Either
multiple bands were visible on gels of PCR amplifications, or sequences resulting from
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Table 2.2.  PCR and sequencing primers.
Gene Primer Sequence
Cytochrome b L14841a 5’-GCTTCCATCCAACATCTCAGCATGATG-3’
H4ab 5’-AAGTGGTAAGTCTTCAGTCTTTGGTTTACAAGACC-3’
BarbcbL 5’-CTTCCTCCTNCCATTYCTAATCRCAGG-3’
barbcbH 5’-GAGAAGTANGGGTGGAAKGG-3’
Β-fibrinogen intron 7 FIB-BI7Lc 5’-TCCCCAGTAGTATCTGCCATTAGGGTT-3’
FIB-BI7Uc 5’-GGAGAAAACAGGACAATGACAATTCAC-3’
FIBL2 5’-CTTCTGAGTAGGCAGAACTT-3’
FIBU2 5’-GTAACCCATAATGGGTCCTGAG-3’
a from Kocher et al. 1989.
b from Harshman 1996.
c from Prychitko and Moore 1997.
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apparently successful PCR yielded sequences with multiple superimposed peaks.  In these
circumstances two approaches were used to obtain clean sequence data.  A higher reannealing
temperature was used during PCR, or Gel extractions (Qiagen) were performed when extra bands
were visible after PCR.  See Results section for more information on these sequences. 
DATA ANALYSIS
Cytochrome b and FIB7 display very different evolutionary rates.  Johnson and Clayton
(2000) found a nearly six-fold difference in substitution rates between cytb and FIB7.
Furthermore, Barker and Lanyon (2000) encountered high levels of saturation in the cytb
sequence data within the Neotropical barbets.  Because genes with disparate substitution rates
can potentially contain different phylogenetic signal (Bull et al. 1993, Chippindale and Wiens
1994), I explored relative substitution rates for the two genes by plotting uncorrected percent
sequence divergence from pairwise comparisons for cytb against those for FIB7.  I used the
incongruence length difference test (Farris et al. 1994, 1995) implemented in Paup* 4.0b (i.e.
partition homogeneity test, Swofford 2002) to assess differences in phylogenetic signal between
the cytb and FIB7 data sets.  No significant differences were detected between genes, or between
codon positions within the cytochrome b data set.  Thus, the data sets were combined for most
analyses.
 All phylogenetic analyses were conducted with PAUP* 4.0b (Swofford 2002) and
MrBayes 2.01 (Huelsenbeck and Ronquist 2001).  Phylogenetic methods were adapted to
minimize the influence of saturated characters in the cytb data set.  To examine the effect of
different character-weighting schemes on parsimony analysis, transitions were down-weighted
two or 10 times versus transversions for the cytb partition, as well as equal weighting for all
characters.  The down-weighting values spanned the values obtained from maximum likelihood
26
and Bayesian parameter estimates (see below).  All parsimony searches were heuristic and used
tree-bisection-reconnection branch swapping and 10 random additions of taxa.  The data were
resampled using 100 bootstrap replicates and reanalyzed to examine support at each node in the
phylogeny.  
Maximum likelihood analyses were performed on the combined data set as well as the
individual genes.  Analysis of individual genes allowed an assessment of the congruence of
phylogenetic signal between genes.  In addition, cytb results were compared to those in Barker
and Lanyon (2000) to examine the effects of denser taxon sampling.  Models of evolution for
each likelihood analysis, as well as parameter estimates, were determined via likelihood ratio
tests as implemented in Modeltest 3.06 (Posada and Crandall 1998).  Maximum likelihood
bootstrapping was performed on the combined data set (100 replicates) to compare bootstrap
values to Bayesian posterior probabilities (see below).
A Bayesian approach implemented in the program MrBayes (Huelsenbeck and Ronquist
2001) was used to evaluate support for individual nodes in the phylogeny as well as estimate
model parameters from the data.  The program approximates the posterior distribution of
parameters using Monte Carlo methods, creating a large set of samples via a random walk
(Markov Chain) through parameter and tree space.  The Metropolis-Hastings-Green algorithm
(Metropolis et al. 1953, Hastings 1970, Green 1995) governs the acceptance or rejection of new
points along this walk.  Trees and parameter estimates are subsampled at regular intervals.  A
majority-rule consensus tree produced from the sampled trees has the attractive property that the
percentage of times a node is recovered approximates the posterior probability of that clade
given the data.  For each gene and the combined data set, I ran Markov Chains for 3 million
generations as well as shorter 1 million-generation runs.  The Markov chains were sampled every
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1000 generations, yielding 3000 or 1000 parameter estimates depending on the length of the run.
The shorter runs were used to help estimate the numbers of generations needed to reach
stationarity, which is the point at which parameter estimates have converged on a value, and the
Markov Chain is sampling in the vicinity of the maximum likelihood tree and parameter space.
All samples prior to the chain achieving stationarity, or “burn-in”, were discarded.  The shorter
runs were also used to ensure that independent starting points converged on the same likelihood
scores and parameter values.  A site specific gamma model was used in Bayesian analyses,
dividing the data into three codon positions for cytb and leaving the FIB7 data all in one
partition.  
RESULTS
SEQUENCE ATTRIBUTES
The aligned sequences resulted in a data matrix of 49 taxa (6 outgroup, 43 ingroup) and
1983 base pairs (1045 cytb, 938 FIB7), of which 964 were variable and 704 parsimony
informative.  Insertions and deletions within FIB7, as well as slightly shorter cytb sequences for
some individuals, caused the actual number of nucleotides to vary from a low of 1552 for
Semnornis ramphastinus to 1922 for Indicator minor.  I was unable to obtain any FIB7 PCR
products from Psilopogon pyrolophus and so only cytb data are included.  All other taxa have
sequence for both genes.  The cytb sequence included for Baillonius bailloni is shorter than for
the other taxa.  I experienced difficulty obtaining unambiguous contig alignments for one end of
the gene, similar to that described by Barker and Lanyon (2000).  Only the portion of the gene
that matched Barker and Lanyon’s (2000) sequence was included in analyses.  Aligned
cytochrome b sequences appeared to be of mitochondrial origin, rather than nuclear copies. 
28
Sequences contained no stop codons, overlapping fragments contained no conflicts, base
composition was relatively homogenous across taxa, codon positions contained expected relative
divergences (3>1>2), and resulting relationships contained no highly suspect arrangements.  
Aligned FIB7 sequences contained several inferred insertions or deletions (indels).  The
largest was a 212 base pair deletion in the ingroup compared to the outgroup taxa.  There were
also several other indels on the order of a few to a few dozen base pairs.  Alignment of the intron
sequences was fairly straightforward.  Placement of indels was generally unambiguous for two
reasons.  First, indels were infrequent enough that they generally did not overlap, allowing
homologous indels to be easily identified.  Second, the nucleotide sequences themselves were
not highly diverged, which allowed easy alignment and default placement of indels. 
Base composition was heavily biased in the cytb data, with an excess of adenine and
cytosine (A=0.34, C=0.46, G=0.05, T=0.15).  Base composition was more homogeneous in the
intron data (A=0.32, C=0.21, G=0.18, T=0.29).  These levels of bias are consistent with those
found in woodpecker cytb (Moore and DeFilippis 1997) and FIB7 (Prychitko and Moore 2000)
sequence data.  The models of evolution chosen for all likelihood analyses account for base
composition bias.  A Chi-square test for homogeneity of base frequencies across taxa detected no
significant differences for the combined data (p = 0.98) or individual genes (cytb; p = 0.94,
FIB7; p = 1.00).
Pairwise divergence estimates for each gene indicated the cytb data suffer from
saturation, and phylogenetic signal may be obscured by multiple substitutions at some nucleotide
sites.  Figure 2.2 shows the uncorrected pairwise distance comparisons for all taxa.  They have
been divided into four categories: within genera, within families (using Sibley and Monroe’s
[1990] families, i.e. African Lybiidae, Asian Megalaimidae, and Neotropical Ramphastidae), 
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Figure 2.2.  Uncorrected pairwise divergences of cytb (y-axis) plotted against uncorrected
pairwise divergences for FIB7 (x-axis).  Comparisons are divided into four subgroups: intra-
generic comparisons, intra-familial comparisons, inter-familial comparisons, and ingroup-
outgroup comparisons.
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between families, and ingroup-outgroup comparisons.  Only comparisons within genera display a
relatively linear relationship, indicating that saturation is not a problem at this taxonomic level.
Beyond a divergence level of approximately 7% for the fibrinogen data, cytochrome b values
plateau and remain in a range of approximately 18-22%.  Within-family comparisons form two
distinct clusters of values, one between 3% and 7% FIB7 divergence and the other between 9%
and 11% 
FIB7 divergence.  All comparisons in the latter group involve either Calorhamphus or
Trachyphonus with other species from their respective continents, reflecting their relatively
ancient origin, incorrect taxonomic placement, or fast rate of evolution.   
PHYLOGENETIC ANALYSIS  
All parsimony analyses were performed on the combined data set.  A variety of
weighting schemes in the cytb partition produced similar trees (Fig. 2.3).  There was high
bootstrap support for the monophyly of African barbets and monophyly of New World barbets
and toucans.  A clade of Asian barbets excluding Calorhamphus was also recovered.  With
equally-weighted parsimony, the relationships of this monotypic genus were unresolved in a
polytomy at the base of the tree.  However, as transitions were increasingly down-weighted
versus transversions in the cytb data, Calorhamphus was placed with greater confidence as the
sister group to a large clade containing all African and New World taxa (72% bootstrap support
at 1/2 weighting, 82% bootstrap support at 1/10 weighting).  
Parsimony provided high bootstrap support for relationships within the New World
radiation except for the placement of Semnornis.  It is either placed as the sister taxon to the two
Neotropical barbets included in the study, or as the basal taxon of the entire New World clade.  
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Figure 2.3.  Majority rule consensus tree of 100 parsimony bootstrap replicates from combined
cytb and FIB7 data set.  Transitions were down-weighted 10 times versus transversions in the
cytb data partition.  Numbers at each node indicate the percentage of bootstrap replicates in
which that node was recovered.
33
34
Neither of these topologies is supported by bootstrap resampling (55% or less for all weighting
schemes).  
Model-based methods of phylogenetic reconstruction using the combined data set
inferred different relationships than parsimony for some of the basal nodes in the tree.
Maximum likelihood analysis (Fig. 2.4a) indicated the monophyly of barbets from each of the
three geographic regions.  Calorhampus was sister to the rest of the Asian barbets, rather than
grouped with the African and New World taxa as it was in parsimony analyses.  The African and
New World barbets were sister groups and the Asian barbets basal.  Another notable difference
in the maximum likelihood tree was the placement of Semnornis.  Neither of the two
relationships inferred from parsimony was recovered.  Instead, Semnornis may be the sister
taxon of the toucans.      
Bayesian analyses reached stationarity (i.e. likelihood values plateaued and the Markov
chains sampled in the vicinity of the optimal tree and parameter space) by 30,000 generations.
This "burn-in" pattern was visualized by plotting likelihood scores and parameter estimates
against generation number (not shown).  To be conservative, a “burn-in” number of 100,000
generations was excluded from all analyses.  This resulted in 2.9 million generations for each
analysis, subsampled every 1000 generations to yield a data set of 2900 trees.  The subsamples
were then used to infer clade probabilities and parameter estimates.  Bayesian analysis indicated
significant support for all but five ingroup nodes in the maximum likelihood tree (Fig. 2.4a), four
of which were in distal portions of the tree.  Support for monophyly of the Asian barbets was
significant, in contrast to the results from all parsimony analyses.  Support was also significant
for the relationship between the three clades of barbets as (Asia (Africa, N.W.)).  However, the
level of support for Semnornis as sister group to the toucans (64%) was not significant.  Of the 
35
Figure 2.4.  Maximum likelihood estimates of tree topology, all using GTR + I + G.  (a) Using
combined cytb and FIB7 DNA sequences.  Parameter estimates from Modeltest 3.01: base =
(0.3062, 0.3240, 0.1357), Rmat = (1.0085, 4.0509, 0.8998, 0.4351, 5.8384), shape = 0.4372,
Pinvar = 0.1883.  Numbers above nodes correspond to Bayesian posterior probabilities/bootstrap
support values.  (b) Using cytb data alone.  Parameter estimates: base = (0.3417, 0.4663, 0.0459),
Rmat = (0.0402, 4.5122, 0.3451, 0.2095, 3.3156), shape = 0.5339, Pinvar = o.4317.  Numbers
above nodes correspond to Bayesian posterior probabilities. Open bars indicate African taxa,
gray bars New World taxa, and black bars Asian taxa.
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two topologies recovered from parsimony analysis, Semnornis as sister to the N.W. barbets
occurred in 32% of the posterior distribution, and Semnornis basal to the toucans and N.W.
barbets occurred in only 4% of the posterior distribution of the Bayesian analysis.
The various analytical methods agreed on the basal structure within major clades.  Within
the Asian radiation support is strong for the basal position of Megalaima haemacephala
compared to the rest of the genus.  In addition, all methods place Psilopogon pyrolophus within
the genus Megalaima.  This positioning is based only on cytb sequence for Psilopogon (no FIB7
for this taxon), but received high bootstrap support in likelihood and parsimony and significant
probability in Bayesian analyses.  Within the African clade, support is strong for the monophyly
of Pogoniulus and Trachyphonus, but Stactolaema, Lybius, and Tricholaema appear to be
paraphyletic.
Posterior probabilities and ML bootstrap proportions for clades are largely congruent
(Fig. 2.4a).  One notable exception is the node uniting Calorhamphus with the rest of the Asian
taxa.  Bayesian analysis indicates a significant probability for the node (0.97), but it has low
bootstrap support (63%).  The reverse is true for the node connecting Aulacorhynchus with
Andigena and Selenidera: high bootstrap support for the node (93%), but Bayesian posterior
probability falls just short of significance (0.94).  All other nodes that have insignificant posterior
probabilities also have bootstrap proportions below 70%.  In addition all other nodes that have
significant posterior probabilities have bootstrap proportions above 70%.
Maximum likelihood analyses of each gene separately produced different topologies.
Analysis of the FIB7 data produced a tree (not shown) almost identical to the one produced from
the combined data (Fig 2.4a).  In contrast, maximum likelihood analysis of the cytb data set
(“alternative tree”) resulted in two major rearrangements (Fig. 2.4b).  Two Old World genera
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were hypothesized as being more closely related to the N.W. radiation than to other O.W. taxa.
This arrangement places Trachyphonus as sister taxon to the N.W. radiation, and Calorhamphus
as sister taxon to that clade.  Also, the other African taxa are the basal lineage in this phylogeny,
rather than the Asian taxa.  However, two lines of evidence indicate that there is little support for
this alternative topology.  First, Bayesian analysis of the cytb data fails to produce significant
support for the nodes linking Trachyphonus and Calorhamphus to the N.W. taxa (81% and 59%,
respectively).  In fact, the Bayesian analysis, using a site-specific gamma model, also reverses
the position of the two genera resulting in Trachyphonus being basal to a grouping of
Calorhamphus and the N.W. taxa.  In addition, the basal position of the other African taxa is
poorly supported (81%).  The second line of evidence is from a posteriori tests of tree topology.
Shimodaira-Hasegawa (SH) tests (Shimodaira and Hasegawa 1999) were used to examine the
difference in likelihoods between the two tree topologies.  When the test was performed with the
cytb data alone, the alternative tree topology was not significantly better than the combined data
tree (-lnL difference = 6.975, p = 0.22).  Conversely, when the test was performed with the full
data set, the null hypothesis was rejected, and the combined data tree appeared to be significantly
better estimate of phylogeny than the alternative tree (-lnL difference = 53.314, p = 0.001).
Mapping FIB7 indels onto the combined-data maximum likelihood tree (Fig. 2.5)
provided a final measure of support for some internal nodes.  In general, indels supported nodes
that already had high bootstrap or Bayesian support.  However, there are exceptions.  Parsimony
analysis could not resolve the relationships of the monotypic African genus Buccanodon, placing
it in a polytomy with other African lineages (Fig. 2.3). One 22 base pair deletion compared to all
other taxa in the study unites Buccanodon with Gymnobucco and Stactolaema, in agreement with
the maximum likelihood topology.  One indel disagrees with the likelihood phylogeny as well.  
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Figure 2.5.  Indels from FIB7 mapped onto the maximum likelihood tree from the combined data
set.  Numbers indicate the indel length in basepairs.
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A two base pair indel unites all of the Megalaima species with the exception of M.
haemacephala and M. virens.  Although maximum likelihood analysis unites M. virens and M.
mystacophanos, this result is not significant in Bayesian analysis.  No indels conflicted with
nodes that were strongly supported by Bayesian analyses.
        
DISCUSSION 
PHYLOGENETIC ANALYSES
An analysis of nuclear and mitochondrial DNA sequence data using model-based
phylogenetic methods provides a robust estimate of barbet phylogeny.  Bayesian methods and
indel mapping (Fig. 2.5) indicate support for many of the nodes in the likelihood-based tree (Fig.
2.4a).  African barbets are monophyletic, contrary to the findings of previous studies, and sister
to the New World barbets and toucans.  Asian barbets, also monophyletic, are basal to African-
New World clade.  Instances where parsimony or single gene analyses disagreed with this
topology were encountered.  However, these alternative topologies were rejected because of low
statistical support in Bayesian analyses and SH tests.  
Although Bayesian methods are relatively new to phylogenetics, they have several
advantages relative to conventional likelihood and parsimony methods. First, support indices are
generated from the complete original data rather than pseudo-replicates as in bootstrapping
(Felsenstein 1985).  Second, they require far less computational power than bootstrapping with
maximum likelihood.  Third, parameter distributions, rather than a single value, are estimated
from the data.  One concern is that the analysis might become stuck in a sub-optimal portion of
the parameter space.  However, this is a problem with any heuristic method, and multiple
independent Markov chains converged on the same tree topologies and likelihood scores. 
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Another concern is that the use of prior information, an integral part of Bayesian analysis, might
bias the results.  However, I used flat, or uniform, priors to allow maximum likelohood to drive
the direction of the analysis (Rannala and Yang 1996).  
In contrast to bootstrap proportions, support for nodes in Bayesian analysis is expressed
as a probability and should be evaluated for significance more conservatively (generally at the
95% level).  It has been shown that bootstrap proportions tend to underestimate high
probabilities and overestimate low probabilities (Zharkikh and Li 1992, Hillis and Bull 1993), so
a linear correlation between bootstrap proportions and posterior probabilities is not expected.  In
a study of swallow phylogenetics, Whittingham et al. (2002) found a loose correlation between
ML bootstrap proportions and Bayesian posterior probabilities.  All nodes recovered in at least
95% of the posterior distribution also had bootstrap percentages above 70%.  However, not all
nodes receiving 70% bootstrap support were significantly supported by Bayesian analysis.
Leaché and Reeder (2002) found similar results in Eastern Fence Lizards (Sceloporus
undulatus).  In their analyses, one out of ten Bayesian posterior probabilities above 95% did not
receive at least 70% ML bootstrap support.  My analyses also revealed a loose correlation
between 95% posterior probabilities and 70% ML bootstrap proportions.  All but two nodes were
either above both values or below both values.  A site-specific model was used in Bayesian
analyses, but not in maximum likelihood searches, so nodal support indices from the two
methods are expected to differ somewhat.       
SOURCES OF INCONGRUENCE
The phylogeny produced in this study differs somewhat from previous estimates of barbet
relationships.  In particular, the basal topology varies considerably between the current study and
those of Prum (1988) and Barker and Lanyon (2000).  In more distal regions of the tree,
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consensus is greater among the three studies, but with notable exceptions, such as the
relationships of Buccanodon (see above).  Tree topology may be influenced by several factors
including taxon sampling, data source, and analytical method.  These sources of conflict can be
addressed because there are now four modern studies of barbet relationships to compare.  These
studies differ in the extent of taxon sampling, data (morphology, mtDNA sequences, scnDNA
sequences, and DNA-DNA hybridization), and phylogenetic methods (distance, parsimony, and
model-based methods).   
Although there is some dissent (Rosenberg and Kumar 2001, but see also Zwickl and
Hillis 2002, Pollock et al. 2002) a growing number of studies have correlated an increase in
taxon sampling with greater phylogenetic resolution and accuracy (e.g., Lecointre et al 1993,
Hillis 1998, Poe 1998, Omland et al. 1999).  Analytical methods can reconstruct the sequence of
change in a phylogeny more effectively when given more “end-points” to work with.  The effects
of taxon sampling in barbet phylogeny reconstruction are best illustrated by comparing the cytb
results in the current study with those from Barker and Lanyon (2000).  Maximum likelihood
estimates using cytb from this study (Fig. 2.4b.) and Barker and Lanyon (2000) are similar even
though Barker and Lanyon had few Old World samples.  In this instance denser taxon sampling
did not improve the phylogenetic estimate. 
The choice of analytical methods can have severe consequences in phylogeny
reconstruction.  The most common example of this is long-branch attraction (Felsenstein 1978),
the tendency for parsimony to unite taxa on long branches even when not closely related (see
Huelsenbeck 1997, Sullivan and Swofford 1997).  However, with model-based methods the
choice of an appropriate evolutionary model can have a large influence on results.  Model
misspecification can lead to unwarranted support for the wrong phylogeny under some
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circumstances (Buckley and Cunningham 2002, Buckley 2002).  In the current study, three types
of analyses were performed on the same data matrix.  Parsimony and likelihood-based analyses
produced largely congruent results, with one notable exception.  Parsimony analysis of the
combined data set did not group Calorhamphus with the other Asian taxa, but rather at the base
of a large clade of African and New World taxa.  In contrast, maximum likelihood supported the
monophyly of Asian barbets, albeit with low bootstrap support.  Bayesian analysis, a likelihood-
based method that used a more complex (and arguably more realistic) model of evolution, placed
all of the Asian taxa together with significant support.  If we assume that FIB7 is more accurate
at reconstructing basal relationships because of its slow evolution and greater among-site rate
homogeneity, then this result is not surprising.  The cytb data contain more parsimony
informative characters than the FIB7 data (469 characters vs. 235 characters).  However, the
greater number of informative characters in the rapidly evolving and heterogeneous cytb gene
will translate into greater homoplasy at deeper nodes.  Parsimony did not efficiently use the
fewer, but more reliable, FIB7 characters.  The Bayesian analysis not only incorporated a
complex evolutionary model (GTR+I+G), but it also adjusted the rate matrix for each of four
partitions in the data (three codon positions and the intron).  By scaling the rate matrix for each
partition, the Bayesian analysis essentially was able to weight partitions by aspects of their
evolutionary model parameters.
The third potential source of incongruence in barbet phylogenies is the type of data used
in reconstructions.  Sibley and Ahlquist’s (1990) DNA-DNA hybridization study is the only
other estimate of barbet relationships based on nuclear DNA data.  Although they did not include
any of the problematic genera (Calorhamphus, Trachyphonus, Semnornis, Buccanodon), their
topology is consistent with mine.  This congruence may, in part, be due to their sparse sampling,
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but theirs is the only other study that places Asian birds sister to an African and New World
clade, the deepest nodes in the tree.  Data sets based on slowly evolving nuclear DNA sequence
data are expected to be most useful at resolving deep nodes in phylogenies, situations where
mitochondrial DNA sequence data may be overwhelmed by saturation.  The nuclear intron used
in this study has been estimated to evolve approximately 5.6 times slower than cytochrome b
(Johnson and Clayton 2000), and the saturation plot of the two genes in the current study
confirms this general relationship (Fig. 2.2).  In addition, cytochrome b divergences do not
increase above a level of about 7% FIB7 divergence, more than half of the total range of
divergences.  This corresponds to a cytb divergence of about 15%; the level at which Meyer
(1994) suggested cytb might start to be uninformative. 
However, the problem with cytb is not just its overall fast rate of substitution.  If the
changes were distributed more evenly among sites, then the divergence levels encountered in this
study might not lead to saturation problems (Yang 1998).  Because it is a protein-coding gene,
cytb actually has three different rates, one for each codon position.  Selection constrains many
sites, particularly 2nd codon positions and to a lesser extent some 1st codon positions, to be
invariable and uninformative.  On the other hand, 3rd codon positions have far fewer selective
constraints and are hypervariable.  This rate disparity effectively reduces the number of
informative sites available at any particular level of analysis.  At the deeper levels of the barbet
phylogeny, 3rd codon positions have become saturated (32%-45% uncorrected distance), whereas
too few changes occurred in 1st and 2nd codon positions to overcome stochastic effects and
resolve nodes with any statistical support.  For example, for 49 taxa only 35 sites are parsimony
informative at 2nd codon positions.  Longer mtDNA sequences may overcome this problem.
Although the random error associated with saturation effects resulted in a different cytb ML
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topology than the combined data estimate, Bayesian analysis and SH tests do not support the
alternative topology.  
The selective pressures experienced by protein-coding genes do not affect introns.
Because of this, substitutions occur more homogeneously across intron sequences.  This is
reflected in parameter estimates produced by Bayesian analysis from the separate and combined
data sets (Table 2.3).  The gamma distribution is used to model variation in substitution rates
across nucleotide sites (Yang 1993) and is described by a shape parameter (α).  A low α value
indicates high rate heterogeneity and a value of ∞ would indicate constant rates across sites.  The
α estimate for the FIB7 data is over seven times greater than that for the cytb data, indicating
greater rate homogeneity across nucleotide sites in the FIB7 data.  The site-specific rate
estimates from the combined data exhibit the same pattern.  The intron data not only have a slow
substitution rate, but they also have a variance an order of magnitude lower than any of the cytb
codon positions.  Because of the sequence-specific properties of the two genes discussed above
(evolutionary rate and rate heterogeneity) and the lack of support for topologies produced with
cytb alone (Bayesian support, SH tests), FIB7 appears more reliable at reconstructing deep
relationships.
CONVERGENCE IN GYMNOBUCCO AND CALORHAMPHUS
Gymnobucco and Calorhamphus were once thought to be sister taxa based on similarity
in plumage, voice, and social behavior (Ripley 1945, Short and Horne 2001).  Barbets and
toucans are almost all brightly colored, and some are among the most colorful of birds.  In
contrast, Gymnobucco and Calorhamphus species are uniformly dark brown with only hints of
gray, buff, or a reddish wash.  Their vocal repertoire is also unlike that of other barbets.  Most
barbets produce a variety of “boop”, “croak”, and “trill” type calls.  Calorhamphus fuliginosus is 
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Table 2.3.  Parameter estimates from data partitions in Bayesian analysis.
Parameter Data Partition Mean Variance 95% Confidence
Interval
Site-specific
Rates
1st Codon 0.680 0.002 0.593-0.770
2nd Codon 0.173 0.0003 0.141-0.210
3rd Codon 3.796 0.002 3.713-3.877
Intron 0.385 0.00003 0.375-0.397
α
Cytochrome b 0.411 0.0006 0.367-0.463
Intron 3.157 0.655 1.877-4.447
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only known to produce a thin, wheezy whistle (Short and Horne 2001).  Gymnobucco species
produce a wider variety of calls, but the prominent one is a whistled “wheew” reminiscent of C.
fuliginosus.  In general, barbet courtship behavior involves calling or duetting, so it is no surprise
that along with their lack of vocal complexity, both genera also exhibit almost no courtship
behavior (Short and Horne 2001).  The final and most striking similarity between Gymnobucco
and Calorhamphus is colonial nesting.  Although many other barbets and toucans exhibit various
degrees of sociality outside of the breeding season, none of them nests colonially.  In contrast, C.
fuliginosus nests in groups of up to a few dozen individuals in the same tree or arboreal termite
nest.  Colonies of Gymnobucco species can be even larger, with up to 250 pairs of G. calvus
nesting in a single tree (Elgood 1982).  
Despite these similarities between the two genera, they are not closely related.  Although
different genes and tree-building methods yield conflicting results about the placement of
Calorhamphus, they agree that it is not closely related to Gymnobucco.  Bayesian analysis
assigns significant support to a clade uniting Calorhamphus with the other Asian taxa, whereas
all methods place Gymnobucco well within the African radiation.  Their relative positions in the
tree suggest that these taxa have converged in nesting behavior, plumage, and vocal characters.
It is also possible that these genera have evolved in parallel and that these character states are
atavistic.   
The single species of Gymnobucco included in this study, G. calvus, is unequivocally
placed within Stactolaema.  This is not surprising, because the two genera have long been
considered closely related.  The four species of Stactolaema are also drably colored, but inhabit
open woodland and scrub, whereas Gymnobucco is restricted to forest.  Although not colonial
nesters, Stactolaema species show increased sociality in the form of helpers at the nest (Short
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and Horne 2001).  The addition of DNA sequence data from other species of Stactolaema, as
well as the three remaining species of Gymnobucco, may provide a better idea of the
evolutionary progression from territorial pairs (most other barbets), to helpers at the nest, and
then to colonial nesting.  It appears that drab plumage evolved before or simultaneously with
increased sociality, because Stactolaema exhibits both traits.  The timing of the decrease in vocal
complexity exhibited by Gymnobucco is more difficult to pinpoint because of sampling in the
current study.  Few inferences can be made about the evolutionary sequence for those characters
in the lineage leading to Calorhamphus.  It is a monotypic genus and has no living close
relatives.  
NEW WORLD TAXA
From a taxonomic standpoint, the biggest question in the New World radiation is the
placement of Semnornis.  Although generally considered a barbet (e.g., Sibley and Monroe
1990), it was not placed with them in previous analyses (see Fig. 2.1), suggesting that the New
World barbets are not monophyletic.  The results from this study only add to the uncertainty
surrounding the relationships of Semnornis.  Parsimony analyses with a variety of weighting
schemes placed Semnornis either as sister to the Neotropical barbets or as the basal lineage of the
entire New World radiation, a relationship also found by Barker and Lanyon (2000).  However,
bootstrap resampling provided little support for either hypothesis.  Likelihood analysis placed it
as the sister group to the toucans, although this placement was not significantly supported with
Bayesian techniques.  Prum’s (1988) morphological analysis placed Semnornis as sister taxon to
the toucans.  Plumage, bill pattern, and diet also support a close relationship between Semnornis
and toucans (Remsen et al 1993).  The least-supported alternative at this point is the placement
of Semnornis with the other two genera of Neotropical barbets, Capito and Eubucco.  Paraphyly
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of the traditional New World barbets seems likely, but denser sampling of the New World taxa is
needed to shed more light on this situation.
AFRICAN TAXA
Prum (1988) and Barker and Lanyon (2000) found the African barbets to be paraphyletic
because of the relationships of Trachyphonus, although they disagreed on the exact placement of
that genus.  Prum’s (1988) morphological analysis placed it as the basal taxon of all barbets, in
agreement with earlier hypotheses (Ripley 1945, Swierczewski and Raikow 1981), whereas
Barker and Lanyon’s (2000) cytb analysis placed it as sister to the New World radiation.  Sibley
and Ahlquist (1990) recovered monophyly of the African barbets, but they did not sample
Trachyphonus.  The combined gene analyses in this study unequivocally place Trachyphonus as
the basal taxon of the African radiation, indicating that the African barbets are monophyletic.
However, raw divergence comparisons (Fig. 2.2) and branch lengths (Fig. 2.4a) indicate that
Trachyphonus is an old and highly diverged lineage.  Age and divergence have obscured much
of the phylogenetic signal linking Trachyphonus to the higher African taxa, particularly in fast-
evolving mitochondrial DNA sequences.    
The rest of the African taxa (hereafter “higher” African taxa) split into three major
lineages.  The first includes the genera Stactolaema, Gymnobucco, and Buccanodon.  The close
relationship between Gymnobucco and Stactolaema is expected based on morphology (Prum
1988), however likelihood and parsimony analyses indicate that Stactolaema is paraphyletic
because Gymnobucco is nested within it.  Gymnobucco is evidently a lineage of Stactolaema
adapted to forest habitats.  A more unexpected result is the placement of the monotypic genus
Buccanodon with Stactolaema and Gymnobucco.  The Yellow-spotted Barbet, B. duchaillui, is a
forest species that has had no clear affinities to other genera.  For example, Short and Horne
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(2001) placed it between Pogoniulus and Tricholaema, but listed many more differences than
similarities between Buccanodon and those genera.  Traditionally, Buccanodon has been
considered a close relative of the tinkerbirds (Pogoniulus), and is included in that genus in some
classifications.  Prum’s (1988) morphological analysis, for example, supported such a
relationship.  However there have been other interpretations as well.  Chapin’s (1939)
classification separated Buccanodon from Pogoniulus, but also included Stactolaema anchietae
in Buccanodon, a situation rather similar to this study.  More recently, the genus Pogoniulus has
encompassed the tinkerbirds, B. duchaillui, and all species now in Stactolaema (Ripley 1945).
However, Buccanodon has never been included in a molecular study previous to this one.
Likelihood analysis of the combined data as well as individual genes, Bayesian analysis, and
indel mapping all placed Buccanodon in the clade with Stactolaema and Gymnobucco.
Parsimony analyses under various weighting schemes either placed Buccanodon in that clade
with weak support (<60%), or have it unresolved at the base of the higher African radiation.  The
indel common to Stactolaema, Gymnobucco, and Buccanodon (Fig. 2.5) provides the most
convincing evidence of Buccanodon’s affinities.  Although only a single character, an
unambiguously aligned indel of 22 base pairs is unlikely to be homoplastic. 
The second clade in the African radiation includes all of the Lybius and Tricholaema
species.  Although some basal nodes lack resolution, all analyses indicate paraphyly of both
genera.  Within Lybius, sampling is incomplete, but the data support a well-defined division of
species.  One clade includes the generally larger species that have heavier, more toothed bills (L.
melanopterus and L. dubius).  This group is also characterized by dark plumage on their thighs.
The second group includes smaller species (L. vieilloti and L. torquatus) known for complex
duetting.  Placement of the Spot-flanked Barbet (T. lachrymosa) with the latter pair of Lybius is
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unexpected, as this species is a “typical” Tricholaema in appearance, habits and voice (Short and
Horne 2001).
The tinkerbirds are the final group within the higher African taxa.  Most notably,
tinkerbirds are not related to Buccanodon.  Instead, support is moderate for them as the sister
group to the clade of Lybius and Tricholaema.  In a pattern repeated by all four African
radiations, the tinkerbirds have adapted to most habitat types in sub-Saharan Africa.  As a result,
habitat type does not define clades of barbets, suggesting that speciation in these birds may often
feature habitat transition.  It is difficult to speculate if this is a common occurrence for African
birds in general because there are few other phylogenies for African bird groups. 
PANTROPICAL BIOGEOGRAPHY
Relatively simple geographic structure in the barbet phylogeny precludes many
inferences about the evolution of the barbets’ pantropical distribution.  Several biogeographic
scenarios are congruent with this phylogenetic pattern.  A Gondwanan hypothesis (Cracraft
2001) requires an earlier origin of barbets than other models, an early Gondwanan distribution,
and subsequent vicariance via continental drift.  Laurasian models allow a more recent origin of
barbets, but are contingent upon paleoclimatic models and a dramatically different barbet
distribution in the past.  Although general inferences about avian biogeography await
phylogenies of other similarly distributed groups, it is useful to consider biogeographic
hypotheses in light of the current evidence. 
Recent studies indicate that Asia may have been an important evolutionary staging
ground for vertebrate groups in the early Tertiary (Beard 1998, Bossuyt and Milinkovitch 2001).
Although Asian barbets are the basal lineage in the phylogeny, their position does not require
that barbets originated in Asia.  Furthermore, the sister group of the barbets (woodpeckers and
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honeyguides) does not add any information about the ancestral area, because it is cosmopolitan.
However, if Asia was not the ancestral area, it must have been involved in the first dispersal
event.  Unfortunately few phylogenies of similarly distributed groups are available.  Trogons
(Trogonidae) have a similar distribution.  They are restricted to tropical forests and are also
absent from Madagascar and Wallacea.  A molecular phylogeny for the family (Espinosa de los
Monteiros 1998) recovered monophyly of groups in each of the three tropical regions, and the
African clade was basal.  However, this phylogeny was based on mitochondrial DNA sequences
and parsimony analyses.  All basal nodes in the phylogeny received less than 50% bootstrap
support and relationships between major clades of trogons must still be considered unresolved. It
is apparent from the barbet comparisons that mitochondrial DNA sequence data and parsimony
analyses are unlikely to resolve deeper nodes in some bird families. 
Climatic, tectonic, and fragmentary fossil evidence provide some clues to the possible
origins and biogeographic history of barbets.  There are no barbets on Madagascar, Sulawesi, or
the Greater Antilles, although suitable habitat seems to exist and several species of barbets
inhabit nearby continental areas.  The gaps in their distribution suggest low dispersal ability and,
thus, over-water dispersal between the tropical regions is unlikely as an explanation for the
current disjunct distribution of barbets.  However, there may have been other dispersal routes
available between tropical forests in the past.  Climatic changes in the Tertiary caused large-scale
fluctuations in the latitudinal limits of tropical and subtropical habitats.  During the warmest
parts of the Eocene, subtropical forests extended above the Arctic Circle (Crowley and North
1991, Frakes et al. 1992), and fossils of tropical fauna, including alligators and flying lemurs
(Cynocephalidae), have been found as far north as Ellesmere Island, paleolatitiude 78° N
(Dawson et al. 1976, McKenna 1980).  A Laurasian hypothesis necessitates one high-latitude
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dispersal event, presumably between North America and Europe, or continuous distribution of
barbets around the Northern Hemisphere at some point.  This would have been possible before
the late Eocene when rifting between Europe and Greenland severed North Atlantic connections.
Although there are barbet-like fossils from the Eocene of Germany, the first unambiguous
barbets in the fossil record are from the early Miocene of Europe and North America (Ballman
1969, Olson 1985).  Barbet fossils from Europe and North America suggest a much different
geographic history than evident from modern distributions, one in which the barbets were
broadly and continuously distributed on mainlands around the globe.  Their current distribution
appears to be a relict of this once wider range.   
Uncorrected pairwise cytb distances within the three continental radiations of barbets all
cluster in the 13%-18% range.  However, the plot of pairwise divergences indicates that this is
well into the range of saturation for cytb (Fig. 2.2).  The Fib7 divergences within the three
radiations paint a completely different picture.  Within Asia, divergences between Calorhamphus
and Megalaima range from 8.4% to 9.1%.  Within Africa, divergences between Trachyphonus
and the other genera range from 8.3% to 12.9%.  In the New World however, the largest
divergences between barbets and toucans is only 6.4%.  This level of divergence is very similar
to African (6.0%) and Asian (6.5%) divergences if the oldest lineages (Calorhamphus and
Trachyphonus) are excluded.  Trachyphonus and Calorhamphus are likely to be relicts of an
early diversification within the barbets, before the more modern diversification marked by the
large number of Fib7 divergences ≤ 6.5%.  
Support is increasing for a Gondwanan origin for some bird groups (Hedges et al. 1996,
Cooper and Penny 1997, Cracraft 2001, Barker et al. 2002).  However, what little evidence there
is contradicts a Gondwanan origin for barbets.  Barbets or barbet fossils are absent from the
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Australian region and Australia, as one of the four major continental blocks to break from
Gondwana, is integral to such a Gondwana hypothesis.  Furthermore, Australia was the last
Gondwanan block to break off from Antarctica and drift north (McElhinny and McFadden 2000),
so there was no temporal obstacle to barbets occurring there; they didn’t just “miss the boat.”
Admittedly, paleontological coverage is sparse in many regions and horizons, and a lack of fossil
data is never definitive.  However, climatological and fossil evidence from the Northern
Hemisphere, albeit sparse and circumstantial, lends more credence to northern dispersal as the
mode of geographic differentiation.
Molecular clock estimates for barbets are particularly difficult because of the lack of
suitable fossil calibration points.  However, the rate of molecular evolution can be estimated for
different vicariance events.  For a Gondwanan origin, vicariance between South America and
Africa occurred no later than 100 Ma (Barron 1987, Smith et al. 1994, Courtillot 1999).  The
Asian split must have occurred earlier in barbets, and can be estimated by the India-Gondwana
split at 125 Ma (Smith et al. 1994, McElhinny and McFadden 2000).  For a Northern
Hemisphere origin, the most likely time for high latitude dispersal or continuous distribution is
the early Eocene, however mid and late Eocene warming events are additional possibilities.
Mammal fossils offer evidence of Paleogene land connections between Afro-arabia and Asia
(Beard 1998), but the Obik seaway provided a barrier between Europe and Asia for most of the
Paleocene and Eocene.  We can assign an early Tertiary date of 55 Ma for possible isolation of
the Asian barbets and the latest realistic date for a North America-Europe vicariant event at 45
Ma.  
These date estimates and the FIB7 divergences between major barbet clades yield an
expected divergence rate of 0.08% to 0.14% per million years for Gondwanan vicariance dates
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and 0.14% to 0.33% per million years for northern vicariant dates.  This rate can be converted to
an “equivalent cytb rate” because there are several estimates available for the relative
substitution rates for FIB7 and cytb. For doves, Johnson and Clayton (2000) used total tree
length and pairwise comparisons and estimated that cytb evolved 3.6 and 5.6 times faster than
FIB7 respectively.  Total tree lengths (scaled by total number of characters) for barbets yield a
relative rate of 4.8 times faster for cytb, whereas a plot of ML distances indicated that cytb was
evolving 8 times faster than FIB7.  Using the range of barbet estimates (4.8-8.0), the FIB7
divergences are transformed into equivalent cytb rates of 0.38% to 1.12% per million years for
Gondwanan vicariance events and 0.67% to 2.64% for Laurasian vicariance events.  These
values can be compared to the conventional 2% per million years rate for avian mtDNA
sequence data (e.g. Shields and Wilson 1987, Tarr and Fleischer 1993, Randi 1996).  Although
the estimates for Gondwanan and Laurasian vicariance events overlap, only the Laurasian
estimates include the conventional 2% rate, additional support for a Laurasian diversification of
the barbets.  More precise values will depend on identifying fossil calibration points for barbets
and utilizing new methods of molecular clock estimation (e.g. Sanderson 1997, Huelsenbeck et
al. 2000, Kishino et al. 2001, Thorne and Kishino, 2002).                     
CONCLUSIONS
A combination of nuclear and mitochondrial DNA sequence data analyzed by model-
based phylogenetic methods supports the monophyly of barbets from each tropical region, with
the Asian barbets basal to African and New World clades.  Most basal nodes in the phylogeny
were well supported by indices of branch support, although the relationships of Semnornis could
not be resolved.  The monophyly of barbets from each region indicates that plumage, vocal, and
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breeding similarities between two genera, Gymnobucco from sub-Saharan Africa and
Calorhamphus from Southeast Asia, are the result of convergent evolution (or retention of
ancestral character states) rather than common ancestry.  Finally, the reconstruction of basal
relationships was sensitive to data type as well as analytical method.  Model-based methods and
nuclear intron data provided the most robust phylogenetic hypothesis for the group.  
For future studies of biogeography and local adaptation, denser sampling of the barbets
within each region will be needed.  Within Africa and the New World, these data can be used to
test current models of speciation for those regions (e.g. Haffer 1969, Diamond and Hamilton
1980).  Models of speciation are not well developed for Asia, and await additional phylogenies.
Because of the large number of island endemics in SE Asia, barbets offer an excellent
opportunity to develop these models.  Pantropical comparisons are contingent upon well-
corroborated phylogenies for other bird groups.  This may require nuclear DNA data or large
mtDNA data sets.    
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CHAPTER 3: A RE-EXAMINATION OF TROGON PHYLOGENY: 
INCONGRUENCE BETWEEN TWO LINKED GENES
INTRODUCTION
Data incongruence and combinability have received much attention from systematists.
Combining data from multiple data sets can increase phylogenetic resolution, allowing insight
into previously intractable evolutionary questions.  However, some data may not be appropriate
for combining.  Specifically, combining data sets produced under different evolutionary
circumstances could decrease, rather than increase, phylogenetic accuracy.  The issues involved
in data incongruence and combinability have been thoroughly considered, and can be lumped
into two basic categories: how to identify data incongruence (e.g., Templeton 1983, Farris et al.
1994, Huelsenbeck and Bull 1996), and how to account for such incongruence when it occurs
(e.g., Bull et al. 1993, Chippindale and Wiens 1994, Cunningham 1997a,b).  
Concerns about data incongruence are especially pertinent as large, multi-gene molecular
data sets proliferate.  The majority of incongruence in empirical DNA sequence data has been
demonstrated between unlinked markers (e.g., Kellogg et al. 1996, Mason-Gamer and Kellogg
1996, Sota and Vogler 2001, Hahn 2002).  A more unexpected and potentially worrisome form
of incongruence occurs between linked mitochondrial markers, such as cytochrome b (cytb) and
the 12S ribosomal subunit (Sullivan et al. 1995, Wilgenbush and de Queiroz 2000).  These genes
are widely used in systematics, and conflicting phylogenetic signal between them, if widespread,
could have severe consequences for phylogenetic studies.  However, whether these are isolated
instances or examples of a more pervasive problem is unknown.  
To examine this problem further, I examined the trogon data of Espinosa de los
Monteiros’ (1998).  The data set features cytb and 12S sequences, but differs from previous
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examples (Sullivan et al. 1995, Wilgenbush and de Queiroz 2000) in two important ways.  First,
it includes longer portions of each gene, resulting in roughly twice as much sequence data.
Second, the sequence lengths are more homogeneous, reducing possible bias from differential
influence of the genes.  Another reason for examining the trogon data in particular is that as a
pantropical taxon, the trogons offer an excellent comparison to the barbet phylogeny constructed
in chapter 1. 
Trogons (Aves: Trogonidae) are a small family of birds (39 species) with a pantropical
distribution.  They occur in Africa (3 species), the Neotropics as far north as Arizona (25
species), and Southern and Southeast Asia (11 species).  Trogons are some of the most colorful
of birds; probably the best known is the Resplendent Quetzal (Pharomachrus mocinno) of the
Neotropics, which has metallic green plumage and tail coverts several times the length of its
body.  Trogons have a generally conserved body plan, similar plumage patterns, and a unique
heterodactyl foot (in which digits 1 and 2 are rotated to the rear and digits 3 and 4 are partially
fused).   
After considering saturation levels, base-composition bias, and the results from a variety
of weighting schemes, Espinosa de los Monteiros (Fig. 3 in 1998) chose a cladogram that he felt
best represented the trogon data (Fig. 3.1): it was the single most parsimonious tree from a
combined parsimony analysis of both genes, but with cytb third codon positions removed.
African trogons (Apaloderma) branched basally, and the Asian and New World species formed
reciprocally monophyletic sister taxa.  Within the New World clade, the enigmatic Cuban
Trogon (Priotelus temnurus) was basal to two large clades: the quetzals (Pharomachrus and
Euptilotus) and the “typical” Neotropical trogons (Trogon).  Bootstrap resampling supported the
monophyly of all genera, but did not support any of the basal relationships.  The most 
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Figure 3.1.  Espinosa de los Monteiros’ (1998) tree.  Open bars indicate African taxa, gray bars
New World taxa, and black bars Asian taxa.
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parsimonious tree was used to infer ancestral areas for the family, divergence dates for the major
nodes (using rates from other groups of birds), evolution of plumage coloration patterns
(including iridescent structures in feathers), and to propose a classification for the family.  The
results from Espinosa de los Monteiros’ study were used to describe trogon relationships in a
popular monograph series on bird families (Collar 2001).
Low bootstrap support at all of the basal nodes indicates that many relationships in
Espinosa de los Monteiros’ tree are tenuous.  Various parsimony weighting schemes for the
combined data produced different basal topologies (Espinosa de los Monteiros 1998, Fig. 2), all
of which lacked support.  Only one or two steps separated the proposed tree (Espinosa de los
Monteiros Fig. 3., 1,971 total steps) from other trees.  Resolution of the basal nodes is crucial to
any discussion of the origins and diversification of trogons because they connect African, Asian,
and New World clades, as well as major Neotropical lineages.  Although possible that trogons
diversified rapidly and that resolution of the basal nodes requires more information than
contained in cytb and 12S sequences, the poor resolution may have another cause.  An
incongruence length difference test (Farris et al. 1994) conducted by Espinosa de los Monteiros
produced a p-value of 0.03.  This was used as evidence of data homogeneity and justification for
combining the data sets.  However, the null hypothesis for the test is data homogeneity, and such
a small p-value suggests (at a 0.05 level of significance) that the two genes may provide
disparate phylogenetic signal.  Although evidence suggests that ILD tests should be evaluated
much more conservatively (Sullivan 1996, Cunningham 1997a, b), the combination of low
bootstrap values and a low ILD p-value suggests that incongruence is possible in the trogon data.
If incongruence exists between the two genes, then the data should not be combined unless the
cause can be identified and corrected (Bull et al. 1993, de Quieroz 1993)   
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In light of the suspected data incongruence, I re-evaluated relationships among trogons
using several methods of analysis on Espinosa de los Monteiros’ data.  The data were partitioned
and analyzed under a variety of character weighting and taxon-removal schemes to isolate the
source of conflicting phylogenetic signal.  Using model-based methods, I examined differences
in tree topology inferred from individual genes and gene partitions.  Topological structure was
tested with both nucleotide and codon-based models of evolution to determine if certain trees
were significantly better hypotheses.  Finally, I reconstructed the 2° structure of the 12S
molecule and used it to map the distribution of informative sites in an effort to localize the
source of data incongruence.  My intention was to investigate the extent of incongruence and its
effects on phylogenetic analysis, not to revisit such issues as the relative strengths of various
testing procedures. 
METHODS
TAXON SAMPLING AND SEQUENCE DATA
I analyzed a subset of Espinosa de los Monteiros’ (1998) data set that included all of his trogon
taxa (Table 3.1).  Outgroup representation was expanded taxonomically to include
representatives from additional groups thought to be related to trogons (Sibley and Ahlquist
1990, Espinosa de los Monteiros 2000), but not included by Espinosa de los Monteiros (1998).
DNA sequences for the mitochondrial cytb and 12S genes were downloaded from GenBank (see
Table 3.1 for accession numbers).  Cytb sequences were assembled and aligned with Sequencher
4.1 (Genecodes).  Inferring homology in the more variable regions of ribosomal DNA can be
difficult and can produce ambiguous alignments.  Ribosomal DNAs are not protein-coding, and
they form complex secondary structures with both highly conserved and highly variable regions 
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Table 3.1.  List of taxa included in the study.
GenBank Accession Numbers
Taxon English name General locality Cytochrome b 12S RNA
Ingroup:
Apaloderma narina Narina Trogon Africa U94798 U94812
Apaloderma vittatum Bar-tailed Trogon Africa U89200 U89234
Harpactes oreskios Orange-breasted Trogon Asia U89199 U89239
Harpactes ardens Philippine Trogon Philippines U94796 U94810
Harpactes diardii Diard’s Trogon Asia U94797 U94811
Priotelus  temnurus Cuban Trogon Cuba U89202 U89237
Euptilotus neoxenus Eared Trogon C. America U89203 U89236
Pharomachrus auriceps Golden-headed Quetzal Andes Mts. U94799 U94813
Pharomachrus antisianus Crested Quetzal Andes Mts. U89204 U89235
Pharomachrus pavoninus Pavonine Quetzal S. America U94800 U94814
Trogon rufus Black-throated Trogon C. & S. America U94807 U94821
Trogon collaris Collared Trogon C. & S. America U94808 U94822
Trogon personatus Masked Trogon S. America U89201 U89238
Trogon elegans Elegant Trogon C. America U94806 U94820
Trogon mexicanus Mountain Trogon C. America U94809 U94823
Trogon comptus White-eyed Trogon S. America U94804 U94818
Trogon melanurus Black-tailed Trogon S. America U94805 U94819
Trogon viridis White-tailed Trogon S. America U94803 U94817
Trogon curucui Blue-crowned Trogon S. America U94801 U94815
Trogon violaceus Violaceous Trogon C. & S. America U94802 U94816
Outgroup:
Colius striatus Speckled Mousebird Africa U89175 U89218
Merops nubicus Northern Carmine Bee-
eater
Africa U89185 U89224
Cuculus  fugax Hodgson’s Hawk-
Cuckoo
Asia U89197 U89210
Amazona ventralis Hispaniolan Parrot Caribbean Is. U89178 U89230
Momotus momota Blue-crowned Motmot C. & S. America U89188 U89221
Ceyx erithacus Oriental Dwarf
Kingfisher
Asia U89182 U89219
Chloroceryle americana Green Kingfisher C. & S. America U89183 U89220
Anthracoceros alborostris Oriental Pied-Hornbill Asia U89190 U89226
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(Kjer 1995, Hickson et al. 1996).  Therefore, initial alignment of 12S sequences was performed
with Clustal X (Thompson et al. 1997).  The resulting alignment was examined by eye and
referenced to the 12S secondary structure for birds (Houde et al. 1997, Mindell et al. 1997).
Regions where nucleotide-site homology could not be assumed with confidence were excluded
from analysis.
PARTITION HOMOGENEITY TESTS
The incongruence length difference (ILD) test (Farris et al. 1994, 1995), implemented as
the partition homogeneity (PH) test in PAUP* (Swofford 2002), was used to compare
phylogenetic signal in the two genes.  This test compares the sum of tree lengths from the
original partitions to a test distribution.  Repeated shuffling of characters between partitions and
summing the new tree lengths creates the test distribution.  If the original data partitions contain
similar phylogenetic signal, then the new summed tree lengths should be distributed around the
sum tree lengths from the original partitions.  If two partitions are incongruent, then shuffling
characters between partitions will introduce more homoplasy, resulting in longer trees.  The p-
value in this test is one minus the proportion of new partitions that yield tree lengths greater than
the initial sum of tree lengths.   
A combination of taxon removal and character weighting schemes helped identify the
extent to which different characters and taxa contributed to the incongruence.  Using Espinosa de
los Monteiros’ (1998) high support values for certain clades, I divided the 28 taxa into the
following groups: quetzals (Pharomachrus and Euptilotus, 4 species), nominate (Trogon, 10
species), Asian (Harpactes, 3 species), African (Apaloderma, 2 species), Cuban (Priotelus, 1
species), and outgroup (8 species).  One at a time, these groups were excluded from analysis of
the entire data set and trees were constructed by parsimony using equally weighted characters
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and the two genes as partitions.  Cytochrome b data were then divided into three partitions by
codon position, and 12S data were divided into stem and loop regions according to published 2°
structure models for birds (Houde et al. 1997, Mindell et al. 1997).  Each gene was tested for
homogeneity among its partitions using equally weighted characters.  In an effort to make the
data more congruous, a set of character-weighting schemes was applied to any set of partitions
and taxa that returned significant p-values in the initial tests: transitions 1/10 transversions for
one partition, transitions 1/10 transversions for the other partition, and transitions 1/10
transversions for both partitions.  All tests were performed with heuristic searches and 100
replicates. All invariant sites were removed from the data prior to analysis (Cunningham 1997).
PHYLOGENETIC ANALYSIS
I used two model-based approaches, standard likelihood and Bayesian analysis, to
produce tree topologies, estimate model parameters, and examine support for individual nodes in
topologies.  All nucleotide-based phylogenetic analyses and testing were performed with PAUP*
4.0b10 (Swofford 2002) and MrBayes 2.01 (Huelsenbeck and Ronquist 2001).  Maximum
likelihood heuristic searches in PAUP* were used to select initial topologies for each gene and
partition.  Hierarchical likelihood ratio tests in Modeltest (Posada and Crandall 1998) determined
appropriate evolutionary models and parameter estimates for each search.     
MrBayes 2.01 simultaneously estimated evolutionary model parameters for each gene
and created a consensus tree with probability estimates for each node.  Bayesian methods are
likelihood based, but unlike conventional likelihood methods, do not search for a single “best”
tree.  The program estimates the true distribution of parameters using Markov chain Monte Carlo
methods.  This entails a type of random walk through parameter and tree space, producing large
sets of topology and parameter point-estimates.  The Metropolis-Hastings-Green algorithm
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governs the acceptance or rejection of new steps along this path.  The resulting set of parameter
point estimates, called the posterior probability distribution, approximates the true distribution
for each parameter.  The posterior distribution was used to calculate the mean, variance, and 95%
confidence intervals for each parameter.  In addition, the topologies in the posterior distribution
were used to evaluate branch support.  The percentage of time a node is recovered in the
posterior distribution approximates the probability of that node existing given the data.      
For each gene, I included a single long run of 10 million generations as well as shorter
million-generation runs.  The shorter runs were used to estimate the number of generations
needed to reach stationarity, or "burn-in" time.  Stationarity is the condition in which the
parameter estimates have asymptotically converged on values, and the Markov chain is sampling
in the vicinity of the maximum likelihood tree and parameter space.  The initial "burn-in"
generations were then excluded from all analyses.  The shorter runs were also used to ensure that
independent starting points converged on the same likelihood scores and parameter values.
Analyses used a general time-reversible, site-specific gamma model, partitioning cytochrome b
by codon position and 12S by stem and loop structures. 
TOPOLOGY TESTING
Because of the conflicting signal between the two genes, it was important to identify a set
of optimal or near-optimal trees for consideration (Miyamoto and Fitch 1995).  This set of
candidate trees was assembled from the data using both parsimony and likelihood searches.  I
tested alternative topologies with the Shimodaira-Hasegawa (SH) test (Shimodaira and
Hasegawa 1999).  The SH test is a one-sided, non-parametric test appropriate for testing a small
number of topologies chosen a posteriori (Goldman et al. 2000, Shimodaira 2002).  It is a
conservative test of tree topology, because it minimizes the type I error rate (Shimodaira 2002,
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Buckley 2002).  Evolutionary model parameters for each data partition were re-optimized for all
candidate topologies.  The RELL option (Kishino et al. 1990) in PAUP* was used to produce the
test distribution.  This technique uses the parameter estimates from the original data to calculate
likelihood scores for each bootstrap replicate, thus saving considerable computational time.  A
few test comparisons between RELL and full optimization showed no difference in p-values (not
shown).  Candidate trees for topology testing were chosen from parsimony and likelihood
analyses of full genes and individual partitions.  Because topologies from different data partitions
had different outgroup relationships, and the SH test is a global test of topology in which
differences in outgroup relationships affect the p-values, tests were run on the full set of taxa as
well as on unrooted ingroup networks.  
CODON-BASED ANALYSES
A codon-based model (Goldman and Yang 1994, Yang et al. 1998) implemented in the
CODEML program of the PAML ver. 3.12 software package (Yang 1997) was used to examine
a reduced version of the trogon data set.  Because ribosomal sequence data do not code for
proteins, they are not appropriate for codon-based models and were not included in the following
analyses.  The codon model in this study used Grantham’s (1974) matrix of physicochemical
distances between amino acids to estimate selective constraints on non-synonymous
substitutions.  The Grantham distances range from 5 for the very similar leucine and isoleucine,
to 215 between cysteine and tryptophan.  These distances are used to adjust the substitution rate
matrix.  Accounting for amino acid differences can have a large effect on likelihood estimates.
For example, nucleotide and codon approaches treat a sequence change from TGC to TGA
(cysteine to tryptophan) and from GTC to GTA (synonymous change in valine) quite differently.
Both involve a transversion from C to A at a third codon position.  Nucleotide models generally
70
afford a low, but equivalent rate to the two events.  Codon models account for the extreme
difference in chemical properties between the amino acids and weight the event accordingly.
The most promising topologies from nucleotide-based SH tests were examined using the codon
model and the entire cytb data set.  Settings for likelihood estimation and topology testing were
as follows: codon frequencies as free parameters, Grantham’s (1974) amino acid distances, one
rate among branches, Nssites=3 (discreet) with 4 rate categories, and no molecular clock.
Although extensive testing was not performed to judge if this was the ideal model for the trogon
data, empirical evidence suggests that these settings are appropriate for vertebrate mitochondrial
sequences (Yang et al. 1998, Xia 2002).         
2° STRUCTURE IN 12S RRNA
To examine the nature of variation in stem and loop regions, inferred changes were
mapped onto the 2° structure of the 12S molecule for Harpactes ardens.  The molecule was
configured with the program RNAstructure (Matthews et al. 2002), initially constraining certain
sites to be base-paired.  These sites were chosen by aligning the H. ardens sequence with the 12S
structures in Houde et al. (1996) and Mindell et al. (1996) and identifying conserved stem
regions.  The number of changes per site and the extent of compensatory change were examined
with Mesquite (Maddison and Maddison 2001). 
BRANCH LENGTH COMPARISONS
During the course of tree building and topology testing, it became apparent that branch
lengths on trees produced by the two genes were not proportional.  To examine the extent of this
difference, ingroup topologies produced from each gene were examined for proportionality of
branch lengths with a likelihood ratio test (Yang 1996).  The BASEML program in PAML was
used to fit the data to a tree using two different models.  Both models allowed separate rate
71
parameters and alpha values for each gene.  The only difference was that one model (mgene=4 in
PAML, model 3' in Yang 1996) constrained branch lengths to be proportional between the two
genes.  The other model (mgene=1 in PAML, model 4 in Yang 1996) allowed branch lengths to
vary between genes.  The model with unconstrained branch lengths was essentially two separate
analyses with the likelihoods summed at the end.  The test statistic was -2(ln[modelA]-
ln[modelB]) and follows a chi-square distribution with degrees of freedom equal to the
difference in number of parameters between the two models. 
RESULTS
PARTITION HOMOGENEITY TESTS
Equal weighting of characters produced significant p-values in PH tests for all
comparisons between the two genes (Table 3.2).  Removal of various groups of taxa had no
effect on the disparate phylogenetic signal in the two partitions.  In contrast, down-weighting
transitions 10 times versus transversions in both partitions resulted in non-significant p-values
for all tests, indicating that characters, not taxa, are causing the heterogeneity.  Furthermore,
most of the incongruence appears to result from transitions in the 12S partition.  Down-
weighting transitions in the 12S partition alone, while keeping characters equally weighted in the
cytb partition, produced non-significant results for all but two comparisons (removal of nominate
trogons and quetzals).  Down-weighting transitions in the cytb partition alone had less of an
effect.  All tests were significant except for the removal of nominate trogons.  There was no
evidence of heterogeneity within genes.  Tests between cytochrome b codon positions and
between stem and loop structures in the 12S sequence both produced non-significant p-values.    
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Table 3.2.  Results of the ILD tests.  p-values ≤ 0.05 are indicated in bold.
partition (A, B) taxa Equal Weights 10x (A)a 10x (B)b 10x both genesc
cyb, 12s all 0.01 0.01 0.09 0.23
No outgroups 0.01 0.02 0.10 0.25
No African 0.01 0.01 0.10 0.21
No Asian 0.01 0.01 0.13 0.06
No Cuban 0.01 0.01 0.26 0.06
No Quetzals 0.01 0.02 0.04 0.09
No nominate 0.01 0.13 0.02 0.17
stems, loops all 0.19 -- -- --
3 codon pos.’s all 0.96 -- -- --
a transitions in the cytb partition down-weighted 10x vs. transversions.
b transitions in the 12S partition down-weighted 10x vs. transversions.
c transitions in both partitions down-weighted 10x vs. transversions.
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PHYLOGENETIC ANALYSIS
Maximum likelihood analysis of each gene produced trees with major differences at basal
nodes.  Analysis of the cytb data (Fig. 3.2a) placed the African taxa (Apaloderma) basal to the
other trogons, in agreement with Espinosa de los Monteiros (1998).  In contrast, analysis of the
12S data inferred a basal position for the quetzals (Pharomachrus, Fig. 3.2b).  Posterior
probabilities from Bayesian analyses significantly supported each of these basal topologies.
Analysis of the two genes also produced other differences in tree topology, although most were 
not significantly supported by posterior probabilities.  For example, the Cuban Trogon (Priotelus
temnurus) was sister to nominate trogons in cytb analysis, but sister to the African clade in 12S
analysis.  In fact, there is not a single sister-group relationship between major clades that is
congruent between the two genes.  Furthermore, neither gene supports monophyly of the New
World taxa, in contrast to the conclusion of Espinosa de los Monteiros (1998).  The only other
significantly supported conflict between the two genes was within the genus Trogon.  The cytb
data reconstructed Trogon rufus as basal to a four-taxon clade including Trogon mexicanus.
Conversely, the 12S data switched the positions of T. rufus and T. mexicanus.  Posterior
probabilities significantly support the basal branch in both of these arrangements.     
Separate analysis of the 12S stem and loop partitions produced topologies that had not
been recovered previously (Fig. 3.3).  The topology from the stem data was identical to that
produced by the whole 12S gene except for some relationships within the genus Trogon.
Maximum likelihood analysis of the loop partition led to other significant rearrangements.  In the
loop tree, African trogons were basal, as in the cytb topology, but the Asian and nominate
trogons were sister taxa, a relationship not found in other analyses.  Both 12S trees were added to
the list of candidates for topology testing (Fig. 3.3).  Parsimony analysis yielded trees very 
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Figure 3.2.  Maximum likelihood estimates of trogon relationships.  (a) Analysis of cytochrome
b data with GTR + gamma + invariant sites model.  Base = (0.3419 0.4026 0.0827), Nst = 6,
Rmat = (0.3243 3.9005 0.6816 0.0766 7.0579), Rates = gamma, Shape = 0.7533, Pinvar =
0.4543.  (b) Analysis of 12S ribosomal data with GTR + gamma + invariant sites model.
Base=(0.3449 0.2820 0.1794), Nst=6, Rmat=(1.1305 7.8687 2.2991 0.0680 17.7515),
Rates=gamma, Shape=0.5581, Pinvar=0.3438.  Numbers above branches indicate Bayesian
posterior probabilities.  
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Figure 3.3.  The five candidate trees used in topology testing.  (a) ML tree from cytb data.  (b)
ML tree from 12S data, loop sites only.  (c) ML tree from 12S data, stem sites only.  (d) ML tree
from all 12S data.  (e) Tree from Espinosa de los Monteiros (1998). 
78
79
similar to those produced by likelihood methods.  Equally-weighted parsimony analysis of the
12S data produced a tree similar to Espinosa de los Monteiros’ (1998) tree.  As transitions were
down-weighted, the topology converged on the ML topology from the loop partition (Fig. 3.3).
Parsimony analysis of the cytochrome b data converged on the cytb ML tree as transitions were
down-weighted.
PARAMETER ESTIMATES
Parameter estimates were produced from Bayesian analyses and by optimizing data on
the maximum likelihood topologies (Table 3.3).  Bayesian analysis employed a site-specific (SS)
model, which adjusts the rate matrix for each data partition.  Although not a full mixed-model
technique, it can accommodate some differences in evolutionary model parameters between
partitions, yielding higher likelihood values for both genes.  Partitioning by codon position
improved the likelihood score for the cytb data by 233.4 points, placing the non-partitioned score
(-11847.8) outside of the 95% confidence interval produced by Bayesian analysis of the
partitioned data (-11629 to -11601).  Partitioning into stems and loops affected the 12S data far
less.  The likelihood score improved by only 7.3 points, and the 95% confidence interval (-8158
to  -8131) included the likelihood score from the un-partitioned data (-8150.7).  
Base composition is skewed in the cytochrome b sequence data, with adenine and
cytosine accounting for 75% of the coding strand nucleotides.  If base composition is analyzed
by codon position, then the bias is even more extreme (Table 3.4).  At third codon positions, A
and C account for over 81% of the nucleotides.  Base composition is less skewed in the 12S
sequence data, with a slight bias (62%) towards A and C.  All phylogenetic methods used on the
data account for base composition bias.  Furthermore, a chi-square test for base-composition
heterogeneity across taxa was non-significant for both genes (p= 0.97 for cytb, p=0.72 for 12S).
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Table 3.3.   Model parameters for each data set from its ML topology and from 
Bayesian analysis.  SS = site specific rates used in Bayesian analysis.
Parameter Cytochrome b 12s
Paup* MrBayes Paup* MrBayes
-ln likelihood 11847.785 11614.392 (52.963) 8150.732 8143.428 (47.560)
Base frequencies: A 0.345 0.347 (<0.001) 0.347 0.339 (<0.001)
C 0.411 0.417 (<0.001) 0.283 0.290 (<0.001)
G 0.075 0.068 (<0.001) 0.176 0.169 (<0.001)
T 0.170 0.168 (<0.001) 0.194 0.203 (<0.001)
Rate matrix: A-C 0.328 0.413 (0.050) 1.546 1.879 (0.467)
A-G 4.272 9.734 (18.668) 9.025 16.408 (31.033)
A-T 0.667 1.187 (0.383) 2.650 3.741 (1.862)
C-G 0.117 0.425 (0.083) 0.074 0.317 (0.058)
C-T 6.847 18.576 (69.197) 20.400 30.011 (99.124)
G-T 1.000 1.000 (0.000) 1.000 1.000 (0.000)
P invariant sites: 0.448 -- 0.343 --
Alpha: 0.704 0.436 (0.001) 0.568 0.303 (<0.001)
SS1 -- 0.197 (<0.001) -- 0.532 (0.002)
SS2 -- 0.022 (<0.001) -- 1.736 (0.005)
SS3 -- 2.781 (0.001) --
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Table 3.4.  Base composition estimates from PAML.
Codon Position T C A G
1st 0.23 0.29 0.27 0.21
2nd 0.40 0.27 0.21 0.13
3rd 0.15 0.44 0.37 0.04
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As expected, transition substitutions occurred at a higher rate than transversions in both
genes.  However, considerable disparity was evident between different types of transitions and 
transversions.  In the 12S gene, one class of transversions (A-T) was far more likely than another
class of transversions (C-G).  However, Bayesian analysis and likelihood optimization of
parameters disagreed on the magnitude of this difference.  When the 12S data were optimized on
the 12S maximum likelihood tree, A-T was 35 times more likely than C-G.  Bayesian parameter
estimates yielded only a 10x difference between the two classes of transversions for the 12S data.
However, the variance of the Bayesian estimates was large and the 95% confidence intervals
included the values obtained in PAUP*.  Leaché and Reeder (2002) also found high variance in
Bayesian estimates of 12S ribosomal substitution rates, especially transitions.  The disparity
between classes of transitions was less pronounced; C-T occurred approximately twice as often
as A-G in both genes regardless of parameter estimation method.  The cytochrome b data had
slightly higher α values than the 12S data, indicating greater variation in substitution rate across
sites in the 12S gene.  However, rate heterogeneity was high in both genes, as all α estimates
were less than one.  The site-specific parameters from Bayesian analysis, used to adjust the rate
matrix for each partition, show extreme rate variation between codon positions in the cytb data.
The site-specific factor for 3rd codon positions (SS3) was over 2 orders of magnitude greater than
for 2nd codon positions (SS2).       
TOPOLOGY TESTING
In addition to Espinosa de los Monteiros’ (1998) chosen tree (Fig. 3.1), four tree
topologies from previous analyses were included as candidates for topology testing (Fig. 3.3):
the cytochrome b maximum likelihood tree (cbML), maximum likelihood trees from 12S stem
sites (stemML), 12S loop sites (loopML), and the whole 12S gene (12SML).  When outgroup
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taxa were included in the Shimodaira-Hasegawa (SH) tests, each gene significantly rejected the
candidate topologies produced from the other gene (Table 3.5).  Most of the significance in the
cytb tests can be attributed to 3rd codon positions, which produced significant results for all three
topologies produced from 12S data.  Within the 12S data, stem and loop partitions also
significantly reject the cbML tree.  The Espinosa tree is only rejected by the entire cytb data set.
The 12S data and all partitions are unable to exclude the Espinosa tree as a possible topology.
Note that the stem and loop partitions actually reject the loopML tree.  This is possible because
initial parameter estimates for tree-building were produced separately from the tree-search
process and were inferred from just the ingoup taxa.  In topology testing, parameters were re-
estimated over the whole topology and resulted in both the stem and loop partitions picking the
12SML tree as the maximum likelihood tree.  When outgroups were removed from consideration
(Table 3.5, bottom half), each partition chose its corresponding ML topology as most likely.
When outgroups were excluded, p-values for cytb partitions were largely unchanged.
The entire gene and third codon positions significantly rejected all topologies other than cbML.
The only changes in cytb significance concerned the Espinosa tree.  The entire cytb partition
produced a marginally significant p-value (0.049) for the Espinosa tree with outgroups included.
When only ingroup topology was considered, it became highly significant (p = 0.007).  In
addition, 2nd and 3rd codon positions also rejected the Espinosa consensus topology.  Whereas the
cytb data gained a few significant p-values when outgroups were removed, p-values for 12S
partitions all became non-significant.  None of the candidate trees could be excluded from
potentially being the best tree.
Three candidate trees were considered in codon-based analyses.  In nucleotide-based
tests, the stem and loop partitions either chose the 12SML tree as the ML tree, or could not reject 
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Table 3.5.  Results of nucleotide based Shimodaira-Hasegawa tests.  P-values ≤ 0.05 indicated in
bold.  P-values ≤ 0.01 indicated by an asterisk.
1 – cb ml 2 – loops ML 3 – Stems ML 4 – 12s ML 5 - Espinosa
With outgroups
Cytochrome b -- 0.001 <0.001* 0.001* 0.049
Cytb 1st codon -- 0.094 0.030 0.129 0.640
Cytb 2nd codon -- 0.057 0.065 0.112 0.103
Cytb 3rd codon -- 0.007 0.009* 0.002* 0.131
12s <0.008* 0.436 0.109 -- 0.068
12s stems 0.009* 0.008 0.298 -- 0.164
12s loops <0.001* 0.007 0.001* -- 0.401
No outgroups
Cytochrome b -- 0.005 0.008* 0.013 0.007*
Cytb 1st codon -- 0.240 0.134 0.429 0.429
Cytb 2nd codon -- 0.056 0.056 0.068 0.048
Cytb 3rd codon -- 0.005 0.008* 0.013 0.007*
12s 0.112 0.783 0.298 -- 0.732
12s stems 0.698 0.243 -- 0.787 0.622
12s loops 0.067 -- 0.142 0.633 0.596
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it (Table 3.5).  In addition, the ILD tests found no significant incongruence between stem and
loop partitions (Table 3.2).  Therefore, the loopML and stem ML topologies were excluded from
analysis, and only the cbML, 12SML, and Espinosa trees were analyzed with CODEML.  Of
these three topologies, the cbML topology produced the highest likelihood score and SH tests
rejected the other two topologies as significantly less likely (Table 3.6).
2° STRUCTURE AND RATE VARIATION
The 2° structure produced by the program RNAstructure (Fig. 3.4) is largely congruent
with the published 12S structure for other birds (Houde et al. 1996, Mindell et al. 1996).  Single-
stranded regions account for less than a third of the bases (291 sites, 29.7%).  However, 156
(53.6%) of those sites were potentially parsimony informative.  Base-paired sites are more
numerous (688) but less variable; only 114 (16.6%) were potentially parsimony informative.  Of
the informative stem sites, 64 were pair-bonded to other informative sites.  Some unpaired
regions contained no variable characters, whereas others contained highly variable characters and
indels.  The same holds true for stems; some were highly conserved but others contained many
high-rate sites (defined as sites with 5 or more inferred changes in the ingroup).  Out of 56 high-
rate sites, 34 were in unpaired regions and 22 were in paired regions.  
Profiles of the number of inferred changes per site were similar between the two genes
(Fig. 3.5).  If changes were distributed randomly across sites, then the number of expected
changes per site would follow a Poisson distribution.  Both genes had a large excess of invariant
sites compared to expected values from a Poisson distribution.  Sites with single changes were 
fewer than expected, and much of the inferred change in the data was shifted to the right of the
histogram into high-rate sites.     
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Table 3.6.  Results of codon-based Shimodaira-Hasegawa tests, including likelihood scores,
standard errors, and p-values.
Tree topology ln ln difference SE SH test
cbML -10803.086 -- -- --
12sML -10832.074 28.988 10.612 0.005
Espinosa -10822.032 18.945 7.578 0.015
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Figure 3.4.  Secondary structure of Harpactes ardens 12S ribosomal sequence.  Arrows indicate
high rate sites (>4 changes among ingroup).  Bases in lighter print are invariant among the
ingroup taxa.  Asterisks indicate parsimony informative sites that unambiguously support the
basal position of T. mexicanus compared to T. rufus.  Pluses indicate sites that support quetzals at
the base of the tree.
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Figure 3.5.  Histogram of site rate categories.  Observed numbers of changes are for the ingroup
topology only.  Expected numbers of changes are from a Poisson distribution, assuming all sites
were free to change.  Expected numbers were calculated in Excel (Microsoft Corp.) using the
total number of sites, and the inferred number of changes from Mesquite (Maddison and
Maddison 2001).
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             Excluding intra-generic differences, unrooted ingroup networks of the cbML and 12SML
topologies were congruent except for the position of Priotelus (Fig. 3.6).  No analysis produced
significant posterior probabilities linking Priotelus with any other genus.  However, the branches
leading to each of the four clades in the 12SML tree were all relatively longer than the
corresponding branch in the cbML tree (Fig. 3.6).  When maximum likelihood branch lengths
were scaled by overall tree length, basal branches in the 12SML tree were 1.8 to 2.6 times longer
than the same branches in the cbML tree.  Relationships between most distal branches showed a
corresponding reversal.  Between more closely related taxa the 12S data generally inferred
shorter branch lengths than the cytb data.  A likelihood ratio test confirmed this discrepancy.
The difference in likelihood scores between models using proportional and unconstrained branch
lengths was 51.77.  A chi-square test with 36 degrees of freedom was highly significant (p
<<.01).  The results were almost identical whether the cbML or 12SML topology was used for
testing. 
DISCUSSION
Five alternative hypotheses of trogon relationships were produced from cytb and 12S
DNA sequences by a variety of phylogenetic methods (Fig. 3.3).  Because both are
mitochondrial genes, and are thus necessarily linked, at most one of the trees can represent the
true phylogenetic history of the family.  The major differences among the topologies are the
basal branching arrangement and configuration within the genus Trogon.  The occurrence of
such fundamentally different trees from linked genes is surprising, and it is likely that the
discrepancy is caused by a combination of phenomena.  Several lines of evidence, including ILD 
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Figure 3.6.  Unrooted ingroup topology at the base of the 12SML and cbML trees.  Asterisks
indicate nodes supported by Bayesian posterior probabilities.  Numbers next to branch lengths
indicate the relative length of that branch in the 12S topology compared to the corresponding
branch in the cytb topology.  
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tests, topology testing, paleontology, and earlier studies, indicate that the cytochrome b
maximum-likelihood tree is the best estimate with the available data.    
The partition homogeneity test analysis indicated that the 12S data may have been the
source of incongruence.  Test results were affected most when some of the 12S data were down-
weighted (Table 3.2).  That is, when 12S transitions were weighted 1/10 as much as
transversions, congruence of phylogenetic signal between the two genes could not be rejected.
However, this is not necessarily evidence of increased phylogenetic accuracy.  Dowton and
Austin (2002) showed that decreasing the relative contribution of one data set, as is
accomplished with down-weighting 12S transitions, can make partitions appear more congruent
regardless of the effect that it has on phylogenetic accuracy.  Also, Dolphin et al. (2000)
demonstrated that ILD tests could yield significant results (indicating incongruence) when
partitions were in fact congruent but contained different levels of homoplasy.  Additional
controversy over the ILD test includes the appropriate level of significance for p-values (e.g.
Sullivan 1996, Cunningham 1997a, b), sensitivity to alternate sequence alignments (Messenger
and McGuire 1998), sensitivity to rate heterogeneity (Darlu and Lecointre 2002, Barker and
Lutzoni 2002), and the possibility that the test is a fundamentally flawed estimator of data
combinability (Yoder et al. 2001).  Although clear that the results of ILD tests must be
interpreted with caution, the test correctly warned of character incongruence in the trogon data
set.  The incongruence was verified in tree building and topology testing.         
Information from earlier studies, although far from conclusive, is consistent with the
cbML topology.   There are no modern morphological analyses of the trogons, but Sibley and
Ahlquist (1990) examined trogons using DNA-DNA hybridization.  Although only three genera
were included, they represented all three tropical regions.  African trogons were hypothesized as
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basal to a sister grouping of Asian and nominate New World trogons.  These relationships are
congruent with three topologies: cbML, loopML, and Espinosa de los Monteiros’.  In addition,
the fossil record for trogons, although sparse, places the oldest identifiable trogons in the
Oligocene of Europe (Olson 1976, 1985), consistent with an Old World origin for the family. 
Topology testing of the five candidate trees added support for the cbML topology and
revealed that rooting may be a problem for the trogons.  SH tests using the cytb data reject every
topology except the cbML tree (Table 3.5).  Topology testing with the 12S data and its partitions
rejected the cbML tree, but only when outgroups were included in the analysis.  When only the
ingroup network was considered, the 12S data could not reject any of the topologies.  Of tests
with outgroups omitted, only the cbML tree could not be rejected by any data partition.  The SH
test is a fairly conservative test of topology (Shimodaira 2002, Buckley 2002) and has a small
type I error rate.  The true tree should rarely be rejected in favor of any other topology.  SH tests
using the codon model also supported the cbML topology, significantly rejecting the other two
candidate trees.  However, this is not independent support for the cbML topology.  Codon-based
testing used the same data matrix as the nucleotide-based tree building and topology testing.  The
advantage of codon-based models is that they utilize more information inherent in molecular data
than do nucleotide or amino acid based models.  When codon-based information is incorporated
into the SH tests, both the 12SML and Espinosa trees are rejected in favor of the cbML tree.  
The influence of outgroups on topology testing highlights a basic problem in deciphering
trogon relationships.  It is clear that trogons have no close living relatives (Sibley and Ahlquist
1990, Espinosa de los Monteiros 2000, Johansson et al. 2001), leaving only distantly related taxa
for outgroup consideration.  Rooting problems might also be exacerbated by the dependence on
mitochondrial DNA sequences.  Fast-evolving genes may be necessary to resolve some of the
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short nodes evident within all of the candidate trees, but will cause rooting problems because of
the lack of close outgroups. 
Although rooting is clearly a problem in this data set, it is not the sole source of difficulty
in resolving trogon relationships; the two genes also infer different relationships within the genus
Trogon (Fig. 3.2).  Both genes split the genus into two clades of five taxa, each with strong
support.  In one of those clades the topologies switch the positions of Trogon rufus and Trogon
mexicanus.   The arrangement hypothesized in the cbML tree is supported by the SH tests of
ingroup topology (Table 3.5).  The four apical taxa of that clade in the cbML tree (T. collaris, T.
personatus, T. elegans, and T. mexicanus) favor montane and submontane habitat of the Andes
and Central America.  The basal taxon, T. rufus, is a lowland resident of South and Central
America.  The four montane taxa are extremely similar in appearance, especially T. elegans and
T. mexicanus.  The males have metallic green backs and red underparts with a white collar.  In
females, the green is replaced by brown and they have a more diffuse white collar and breast
band.  In contrast, Trogon rufus has yellow underparts and a single collar in the females.  In the
12SML tree, the nearly identical montane species are separated, and T. rufus is inserted amongst
them.  However, the habitat and plumage differences do not provide conclusive evidence to
evaluate competing topologies.   Within the genus Trogon, a division of species that coincides
with female plumage type is well supported.  Females with brown breasts and heads characterize
one clade (including T. rufus), whereas females in the other clade (including T. comptus) have
gray breasts and heads.  Females of T. rufus and T. mexicanus both have brown heads.  Male
plumage does not appear to be informative at this level; species with red or yellow underparts are
interspersed in both clades. 
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Although the cbML topology is the best hypothesis of trogon relationships from these
data, it is still a very weakly supported topology.  Only relationships within genera and the basal
position of Apaloderma are strongly supported by Bayesian posterior probabilities.  Using
posterior probabilities for branch support is relatively new in phylogenetics, and can lend
unwarranted confidence to branches if one is accustomed to bootstrap proportions.  Posterior
probabilities must be viewed more conservatively, and so only values 0.95 or greater are
generally considered significant.  There is growing empirical evidence that this roughly
coincides with 70% bootstrap support (Leaché and Reeder 2002, Whittingham et al. 2002). 
TAXONOMIC AND BIOGEOGRAPHIC IMPLICATIONS
Although portions of the trogon phylogeny are still unresolved, several observations can
be made about trogon evolution.  Espinosa de los Monteiros (1998) used Bremer’s (1992, 1995)
method to hypothesize that Africa was the ancestral area for trogons.  This method uses Camin-
Sokal (irreversible change) parsimony to infer the probability that any given area was part of the
ancestral area.  Ronquist (1994) showed that reliance on Camin-Sokal parsimony imposes
unnecessary process assumptions (e.g., that dispersal is irreversible) and can lead to unrealistic
results.  When reversible parsimony is used, Espinosa’s tree produces equivocal results regarding
the center of origin.  The cbML tree produces equivocal results for Africa and the New World (2
steps each) but excludes Asia (3 steps).  The 12SML tree unequivocally supports a New World
origin for the trogons.  The earliest fossil trogons are consistent with an Old World origin, but
are hardly conclusive.  Using the cbML tree, the sequences of dispersal events out of either
Africa or the New World are similar.  Both indicate two high latitude dispersal events rather than
the single event supported by the Espinosa tree.  Parsimony reconstruction of dispersal events,
paleoclimatological models (Crowley and North 1991, Frakes et al. 1992), and the timing of
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high-latitude land connections between continents support an early dispersal between the New
World and Africa (via Europe), and subsequent dispersal into Asia from the New World.  An
alternative scenario entails an early dispersal within the Old World, and then two invasions of the
New World from Asia.  This scenario requires one more dispersal event, but does not require
dispersal between Europe and North America.  The North Atlantic land connection was severed
far earlier than the trans-Beringean connection (Smith et al. 1994, Courtillot et al. 1999) and may
predate the diversification of trogons.  Because of the low posterior probabilities of many nodes
in the phylogeny, these biogeographic hypotheses are preliminary and must be tested with
additional data.
Relationships of the Cuban Trogon (P. temnurus) remain ambiguous.  Cytochrome b data
placed it basal to the genus Trogon but with low posterior probability (0.31).  The 12S data
placed it sister to the African trogons, also with a low posterior probability (0.87).  Thus, the
Cuban Trogon represents an ancient lineage that has no close relatives in this study.  A species
not sampled in the data set, the Hispaniolan Trogon (Priotelus roseigaster) is presumably the
Cuban Trogon’s closest living relative.  Acquiring samples of the Hispaniolan Trogon in future
studies may help stabilize the placement of that genus is the phylogeny.  
SOURCES OF INCONGRUENCE
Data incongruence is not uncommon in phylogenetic studies.  Most often, incongruence
is found between molecular and non-molecular data sets (e.g. Poe 1996, Cannatella et al. 1998,
Normark and Lanteri 1998, McCracken et al. 1999, Waters et al. 2002) or between unlinked
molecular markers (e.g. Kellogg et al. 1996, Mason-Gamer and Kellogg 1996, Sota and Vogler
2001, Hahn 2002).  Ancestral polymorphism, horizontal transfer, hybridization, and convergence
can lead to incongruence between these types of data.  However, these biological phenomena are
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unlikely to cause incongruence in the trogon data set.  Convergence generally is implicated in
morphological data sets (e.g. McCracken et al. 1999).   The other three phenomena all require the
possibility of recombination between the molecular markers.  Within the mitochondrial genome,
individual genes are completely linked and thus should share the same phylogenetic history
(however see Awadalla et al. 1999, Eyre-Walker and Awadalla 2001). 
A variety of factors might lead to incongruence in linked molecular markers.  In general,
they fall into three categories: data errors, stochastic error, and model misspecification.  Data
errors include such problems as nuclear copies of mitochondrial genes, contamination during
laboratory work, and simple mislabeling of sequences.  There is no evidence of any of these in
the trogon data set.  Mislabeling or contamination is likely to break up clades, or alter the
relationships of a single taxon.  However, in the trogon data set highly supported clades are
rearranged between topologies, rather than individual taxa.  The cytochrome b data contain no
stop codons, have homogeneous base composition bias, and do not produce any highly unusual
relationships, indicating that nuclear copies have not been sequenced.  Nuclear copies of
ribosomal genes are more difficult to identify because they are not translated into proteins.
Likely candidates for nuclear copies in the 12S data are the quetzal sequences.  Nuclear copies
should evolve more slowly than their mitochondrial counterparts and should be found on short
branches or near the base of the tree.  The quetzals are on a short branch and at the base of the
tree in the 12SML topology.  However, selection would not maintain 2° structure in nuclear
copies of ribosomal genes.  The quetzals show no evidence of relaxed selective pressures on their
stem and loop regions.  Quetzal 12S sequences exhibit patterns of variation typical of the gene;
stem regions are highly conserved across species, with no indels, whereas loop regions are highly
variable across species and have multiple indels.  Indels within putative stem regions and more
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homogeneous levels of variation between stem and loop regions would be expected in nuclear
copies.     
Stochastic errors are generally easy to discount.  Two genes may produce different
phylogenetic trees, but the topological incongruence should not be significantly supported, and
the genes can be used in combined analyses (e.g., Cognato and Vogler 2001, Krzywinski et al.
2001).  The level of support for alternate topologies may be inferred indirectly from bootstrap or
Bayesian support of individual nodes, or explicitly from tests of topology such as the SH test or
Bayesian posterior probabilities for whole topologies.  Often, substitution properties or length of
sequence indicate that one gene is better suited to phylogenetic resolution of the group in
question.  This is not entirely the case with the trogon data set.  Although SH tests lacking
outgroups (Table 3.5) indicate that the 12S data cannot reject any of the candidate trees,
fundamental differences in the rooted topologies are supported by Bayesian posterior
probabilities.     
Incongruence in molecular data sets associated with ribosomal genes has been found in
mammals (Sullivan et al. 1995), reptiles (Wilgenbush and de Queiroz 2000), and amniotes
(Huelsenbeck and Bull 1996).  In these cases, a combination of sequence specific factors (e.g.,
high among-site rate variation in ribosomal genes) and data from other sources allowed the
authors to identify ribosomal sequence data as the cause of conflicting phylogenetic signal.
Analysis of ribosomal sequence data may suffer from a lack of appropriate evolutionary models.
Model misspecification can have severe consequences in tree building (Sullivan and Swofford
1997) and can lead to large type I error rates in topology testing (Buckley 2002), rejecting the
true tree in favor of other topologies.  A great deal of effort has focused on developing better
models, resulting in compensation for rate heterogeneity (Yang 1993), unequal base frequencies
101
(Hasegawa et al. 1985, Lockhart et al. 1994), transition-transversion rate differences (Kimura
1980), amino acid differences (Goldman and Yang 1994, Yang et al. 1998), etc.  However,
models assume that changes at different nucleotide sites are independent and that substitution is a
Markov process.  Both assumptions are violated when existing models are applied to ribosomal
data.  Non-independence results from selective pressure for compensatory changes at paired sites
in order to conserve the 2° structure of the molecule.  Character weighting has been suggested as
a means of correcting for data that evolve according to different rules (Chippindale and Wiens
1994).  For ribosomal genes, weighting schemes have been developed that either increase the
influence of stem sites (Miyamoto et al.. 1994) or decrease the influence of stem sites (Wheeler
and Honeycutt 1988, Dixon and Hillis 1993, Tillier and Collins 1995).  However, two factors
complicate dealing with compensatory change in stem sites: the plasticity of 2° structure, and a
temporal lag in compensatory change.  Stem and loop regions are not entirely conserved across
organisms, and compensatory changes may have occurred in what now appear to be un-paired
regions.  For example, the inferred 2° structures for several birds show that homologous regions
may be paired in some birds and un-paired in others (Mindell et al. 1997).  This confounds
efforts to identify and compensate for paired changes, and may have contributed to the lack of
improvement in likelihood score when the 12S data were partitioned in Bayesian analyses (Table
3.3). 
Kraus et al. (1992), Gatesy et al. (1994), and Hickson et al. (1996) observed that
mismatches in stem sites could persist for considerable time before compensatory changes occur.
This “lag effect” is dependent on the slight plasticity of 2° structure, and is evident from the
inferred 2° structure of any ribosomal gene; there are mismatches at many stem sites (see Figure
3.5).  Although there is selective pressure to maintain base-pairing, compensatory changes do not
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have to happen immediately.  In addition, the compensatory change can be in either of the two
paired bases.  For example, if one base in a C-G pair is replaced so that the pair becomes C-C,
then proper base pairing can be recovered by a single substitution resulting in either G-C or a
reversion to C-G again (Fig. 3.7).  Both substitutions should be positively selected and cannot be
assumed to occur at the estimated transversion rates for the entire gene.  The increased chance of
reversion to the original base violates the assumption that substitution is a Markov process.  In
other words, the chance of a particular substitution at a paired site depends on more than just its
current state.  In the four taxon situation in Figure 3.7, twice as many outcomes will be
misleading as will be informative (not shown).  To further complicate matters, U-G and C-A
pairings are stable in RNA (Hickson et al. 1996).  Selective pressure against such a pairing is
unknown, confounding efforts to account for it in models.  Hickson et al. (1996) described four
additional types of compensatory change in stem sites, none of which are accounted for with the
current models.  Add the lag effect to this, and the potential for homoplasy is increased in certain
lineages.  If a substitution occurs, and the lineage subsequently speciates before a compensatory
change occurs, then chances will be increased for parallel change in unrelated, descendant
lineages.
Comparative branch lengths in trees constructed using cytb and 12S data demonstrate that
current phylogenetic models may be inadequate to deal with the evolutionary pattern of 12S data.
If the cbML topology is assumed to be correct (or even if the 12SML tree is used), cytb and 12S
produce trees with significantly different branch lengths (Fig. 3.6).  This phenomenon can be
explained by a change in the rate of substitution in one of the genes, or by model
misspecification.  A simultaneous change in the rate of substitution between two linked genes
across several lineages could produce the observed pattern.  However, a selective force that 
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Figure 3.7.  Hypothetical example of compensatory change with a temporal lag.  (1) A short stem
region with normal base-pairing from the ancestral taxon. (2) A single substitution results in an
un-paired stem site. (3) After three speciation events, all four taxa still have the same stem
mismatch. (4) Complementary changes resolve the mismatch in each lineage.  In this example,
the complementary changes are positively misleading.
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would elicit the same response in the same gene in several taxa independently is difficult to
imagine.  It is more likely that the models employed in these analyses were inadequate to deal
with one or both data sets.  It is clear that the 12S data set violates two basic assumptions implicit
in these model-based analyses: characters were not independent, and substitution was not a
Markov process.  Compensatory change and the lag effect may bias branch length estimates at
deeper nodes in the 12S tree.  In effect, parallel changes in different lineages at compensatory
sites may be reconstructed incorrectly as fewer, but more basal changes.  Speciose lineages
would be especially vulnerable to this phenomenon.  More opportunities for parallel change
exist, which could be inferred as informative change deeper in the tree.  More comparative
studies of ribosomal data and the effects of model misspecification are needed to quantify the
extent of this problem.           
CONCLUSIONS
I found significant incongruence between two linked genes, the mitochondrial
cytochrome b and 12S ribosomal genes.  Through a process of elimination, two causal factors
emerge to explain the different tree topologies.  First, short basal branches and distant outgroups
confounded efforts to root the trees accurately.  Second, the sequences in the data set clearly
evolved under different rules and can be considered process partitions (Bull et al. 1993).
Phylogenetic models account for phenomena believed to affect the evolution of most sequence
data, such as rate heterogeneity, base composition bias, and selective pressure at the amino acid
level.  However, ribosomal genes have evolved under evolutionary rules quite different from
protein coding genes, and current evolutionary models may not be adequate to deal with 2°
structure.  Simply partitioning the sequence into stem and loop regions is insufficient to correct
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for violations of the model assumptions.  Other studies also have found incongruence involving
ribosomal sequence data (Sullivan et al. 1995, Huelsenbeck and Bull 1996, Wilgenbush and de
Queiroz 2000).  However, comparisons are not always possible and without the cytb perspective,
we might have been lured into accepting a misleading 12S phylogenetic estimate.  Many studies
rely on data from a single ribosomal gene.  In these situations testing for conflicting phylogenetic
signal is not possible, and there is no way to detect if the chosen model of evolution produced an
incorrect phylogenetic estimate.  In general, the results of this study reaffirm that caution is
advisable when combining sequences that may have been produced under different evolutionary
scenarios.  In addition, data sets containing multiple genes are preferable because they can be
tested for incongruence and model misspecification far more easily than single-gene data set.
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CHAPTER 4: PHYLOGENETICS AND GEOGRAPHIC VARIATION OF
TINKERBIRDS (POGONIULUS): IMPLICATIONS FOR AFRICAN BIOGEOGRAPHY
INTRODUCTION
Within Africa many higher level taxa reach their greatest species diversity in the
equatorial tropical forests. The same pattern is found in Asia and South America.  Attempts to
identify the causes of species richness in these forests has led to the development of several
speciation models.  The preeminent model is the “refuge theory” (Haffer 1969) for South
American birds.  It postulates that climatically induced vegetational changes in the Pleistocene
created isolated pockets of lowland forest habitat, allowing allopatric populations to differentiate.
Subsequent range expansion during interglacial periods brought these populations back into
contact.  Interactions between the re-connected populations would depend largely on the extent
of barriers to gene flow that had evolved between them. 
Adapting Haffer’s model to Africa, Diamond and Hamilton (1980) plotted distributions
of African passerine birds and concluded that the patterns could be explained by differentiation
in Pleistocene refugia.  Crowe and Crowe (1982) expanded the scope to all Afrotropical birds
and reached similar conclusions; namely that forest refugia in the Pleistocene could have
produced the observed pattern of distributions.  However, distribution data inspired alternative
interpretations as well.  Similar sets of species distribution data have been used both to support
(Mayr and O'Hara 1986) and refute (Endler 1982a) the refuge hypothesis.  Endler (1982b)
concluded that the distribution patterns yielded a better fit to the predictions of two hypotheses
implicating current factors: ecology and peripheral isolation.  
More recently, phylogenetic reconstructions based on molecular data have been used to
examine speciation patterns in African forests.  These studies have yielded two new models for
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generating species diversity in these forests.  Smith et al. (1997) suggested that natural selection
could have a large effect within ecotones, the transitional areas between two habitat types.  He
found populations within ecotones were morphologically divergent from forest populations even
though there was high gene flow.  This type of differentiation obviated the need for geographical
isolation that is implicit in other models.  The vanishing refuge model (Vanzolini and Williams
1981) combines the geographic component of refuges with habitat change.  Populations in
refugia could differentiate via directional selection if the habitat changed in one refuge.   
Using the DNA-DNA hybridization data of Sibley and Ahlquist (1990), Fjeldsa (1994)
hypothesized that lowland African forests contained mostly old, pre-Pleistocene lineages.  In
contrast, most species in montane areas were hypothesized to have originated during the
Pleistocene.  This montane speciation model was supported by distributional data (Fjeldsa and
Lovett 1997) and phylogenies inferred from DNA sequence data (Roy 1997, Roy et al. 1998,
2001).  Rapid rates of speciation in the Pleistocene were hypothesized to have produced young
montane taxa.  In contrast, lowland forest was relegated to “museum” status, a repository for old
species.  
Each speciation hypothesis allows predictions that can be tested in a phylogenetic context
(Fig 4.1).  Lowland refugia models predict phylogenetic structure concordant with the spatial
pattern of putative refugia.  The montane speciation model predicts geographic structure among
montane areas, lowland taxa on long branches, and little or no geographic structure in lowland
species.  Predictions of the gradient and the vanishing refuge hypotheses are similar.  Sister taxa
are expected to occur in different habitats.  In the gradient hypothesis, the habitat types should be
adjacent to one another, whereas the vanishing refuge hypothesis makes no predictions about
habitat location.  
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Figure 4.1.  Predictions of various speciation models. (a) In lowland refugia models,
phylogenetic structure reflects the spatial location of refugia.  (b) Gradient and vanishing refuge
hypotheses predict phylogenetic structure to reflect a correlation between speciation and habitat
change. (c) Montane refugia models predict structure among montane areas, and lowland taxa on
long branches.
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With several competing speciation models, additional phylogenetic hypotheses for bird groups
are needed to test the various alternatives.  However, to test these hypotheses adequately, groups
must be chosen carefully.  Montane forest, lowland forest, and non-forest habitat all have been
implicated as areas of increased speciation.  Examining groups largely or wholly restricted to one
of these habitats may bias results in favor of a particular model.  In addition, relying on named
species as taxonomic units may not accurately represent the true diversity in a group.  Because
most speciation models have a geographic component, widespread species need to be sampled
throughout their ranges.  Wide geographic representation is necessary to determine the degree of
intraspecific diversity and to provide a broader perspective on the process of differentiation.  
Barbets provide an excellent opportunity to examine the process of speciation and
diversification in Africa.  Although barbets also occur in the Asian and New World tropics,
within Africa four different barbet groups have independently radiated to inhabit rainforest,
savanna, and everything in between (Ch. 1).  Furthermore, barbet species also show evidence of
marked differentiation at the subspecific level, perhaps because of the substantial age of the
family as a whole.  Cytochrome b comparison shows 2.8% divergence for Tricholaema hirsuta
between Uganda and Central African Republic (CAR).  Two individuals of Trachyphonus
purpuratus from Uganda and CAR are 2.1% divergent, and they are both 8.7% divergent from an
individual from Ghana.  These three localities correspond to the three putative pleistocene
refugia in the African forest zone (Daimond and Hamilton 1980, Crowe and Crowe 1982).
Clearly, because of their habitat diversity and high levels of intraspecific genetic differentiation,
the barbets present an excellent opportunity to examine patterns of differentiation within and
between habitats in sub-Saharan Africa, and perhaps shed light on the viability of alternative
diversification hypotheses. 
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I used DNA sequence data to reconstruct the phylogeny of a small genus of African
barbets, the tinkerbirds (Pogoniulus).  Several attributes of Pogoniulus are particularly suited for
examining the pattern and process of speciation in Africa.  The genus consists of nine species
from three general habitats: five species in lowland and coastal forest, two species in montane
forest, and two species in open woodland-savanna.  This distribution is particularly important
because larger patterns may be revealed when taxa are not restricted to a single habitat.  Also, the
genus includes widespread lowland taxa that inhabit all potential former refugia.  Montane
species are localized in montane habitat but occur over a wide geographic area.  For example, P.
coryphaeus, is found in three widely disjunct populations (Cameroon Highlands, Angola Scarp,
Albertine Rift).  The combination of distribution, habitat variation, and genetic divergence
permits evaluation of various models of speciation.
METHODS
SAMPLES AND SEQUENCING
I compared 1045 bp of cytochrome b sequence data from 41 individuals including
representatives of all nine tinkerbird species and four outgroup taxa (Table 4.1).  Geographic
sampling was most thorough for one lowland species (Pogoniulus bilineatus) and two montane
species (Pogoniulus coryphaeus and Pogoniulus leucomystax).  Whole genomic DNA was
extracted from muscle tissue or buffered blood using proteinase K digestion following the
protocols provided with an extraction kit (DNeasy tissue kit, Qiagen Inc.).  For three samples,
DNA was extracted from the toe-pad of a museum study skin (see Table 4.1).  The extraction
protocol was the same as for tissues except for the addition of 10µl of 100mM di-thio threitol to
the tissue lysis phase.  
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Table 4.1.  Samples include in this study
Species Common name Locality Sourcea Identification
#
Ingroup
Pogoniulus atroflavus Red-rumped Tinkerbird Ghana, Central Region LSUMNS B-39473
Pogoniulus scolopaceus Speckled Tinkerbird Ghana, Central Region LSUMNS B-39444
Pogoniulus chrysoconus Yellow-fronted Tinkerbird South Africa, Mpumalanga LSUMNS B-34266
South Africa, Mpumalanga LSUMNS B-34267
Ghana, Northern Region LSUMNS B-39241
Ghana, Northern Region LSUMNS B-39310
Pogoniulus pusillus Red-fronted Tinkerbird Kenya, Chyulu FMNH T43012
Kenya, Wenge East FMNH T37337
Tanzania, Iringa ZMUC 115488
(p2086)
Pogoniulus simplex Green Tinkerbird Kilifi, Kenya coast FMNH 194987*
Pogoniulus leucomystax Moustached Tinkerbird Kenya, Kakamega FMNH --
Tanzania, Mramba Forest ZMUC 114557
(p1155)
Tanzania, Mazumbai ZMUC 114565
(p1163)
Tanzania, Mt. Shengen ZMUC 114294 (p892)
Pogoniulus coryphaeus Western Green Tinkerbird Uganda FMNH 355267
Uganda FMNH 355270
Angola FMNH 224408*
Cameroon FMNH 270838*
Pogoniulus
subsulphureus
Yellow-throated
Tinkerbird
CAR AMNH ALP 79
Ghana, Central Region LSUMNS B-39377
Ghana, Central Region LSUMNS B-39412
Ghana, Central Region LSUMNS B-39374
Uganda LSUMNS 25727*
Pogoniulus bilineatus Yellow-rumped Tinkerbird Burundi, Muramuya FMNH 346231
Burundi, Muramuya FMNH 346232
Uganda, Kasese FMNH 355274
Uganda, Kasese FMNH 355275
Tanzania, Mbizi Forest ZMUC 115452
(p2050)
Kenya, Aberdares ZMUC 115681
(p2279)
Tanzania, Mkubege ZMUC 114853
(p1451)
Tanzania, Mhonda, Nguru
Mts.
ZMUC 114286 (p884)
CAR AMNH PRS 2130
“Golden-rumped” FMNH EMW16
Makere East FMNH T37344
Kenya, Mt. Kenya FMNH X85463
Sokoke FMNH K27567
Sokoke FMNH T26743
Table 4.1 cont.
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Outgroup
Buccanodon duchaillui Yellow-spotted Barbet Uganda FMNH 391666
Lybius dubius Bearded Barbet Ghana LSUMNS B39244
Gymnobucco calvus Naked-faced Barbet Ghana LSUMNS B39378
Tricholaema hirsuta Hairy-chested Barbet Gabon FMNH 396322
* DNA samples extracted from museum study skin toepads.
a tissue sources: AMNH, American Museum of Natural History; FMNH, Field Museum of Natural History;
LSUMNS, Louisiana State University Museum of Natural Science; ZMUC, Zoological Museum University of
Copenhagen.  
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The primers H4a (Harshman 1996) and L14841 (Kocher et al. 1989) were used to
amplify a portion of the cytochrome b (cytb) gene (see Table 4.2 for all primer sequences).
Amplification of smaller fragments from the initial PCR products or whole genomic DNA was
performed with two internal primers designed for barbets, barbCBL and barbCBH.  PCR 
products were visualized on a 1% agarose gel stained with ethidium bromide.  I was unable to
amplify DNA from the museum study skin samples (see Table 4.1) using these primers.  A set of
internal primers specifically for tinkerbirds was developed that amplified small fragments (ca.
200bp) of the cytb gene (Table 4.2).  
I purified PCR products with a Qiagen PCR Purification kit.  Cycle sequencing of
purified PCR products was performed with ABI Prism BigDye Terminators (Perkin-Elmer).
The PCR primers for each gene were also used in sequencing (Table 2), resulting in double
stranded sequence for all taxa.  Cycle sequencing products were run on an ABI Prism 377
automated DNA sequencer (PE Applied Biosystems).  Sequencher 4.1 (Genecodes) reconciled
chromatograms of complementary fragments.  Sequencher was also used to align sequences
across taxa.  
PHYLOGENETIC ANALYSES
All phylogenetic analyses were conducted with PAUP* 4.0b (Swofford 2002) and
MrBayes 2.01 (Huelsenbeck and Ronquist 2001).  Parsimony analysis included down-weighting
transitions two and 10 times versus transversions for the cytb partition, as well as equal
weighting for all characters.  All parsimony searches were heuristic and used tree-bisection-
reconnection branch swapping and 10 random additions of taxa.  The data were resampled using
100 bootstrap replicates and reanalyzed to examine support at each node in the phylogeny.  
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Table 4.2.  PCR and sequencing primers.
Primer Sequence
L14841a 5’-GCTTCCATCCAACATCTCAGCATGATG-3’
H4ab 5’-AAGTGGTAAGTCTTCAGTCTTTGGTTTACAAGACC-3’
BarbcbL 5’-CTTCCTCCTNCCATTYCTAATCRCAGG-3’
BarbcbH 5’-GAGAAGTANGGGTGGAAKGG-3’
TinkcbL 5’-TACGTCCTCCCATGAGGAC-3’
TinkcbH 5’-CCYGATTCGTGGAGGAAGG-3’
MegcbL2 5’-CTCCAYAARTCVAAACAACG-3’
MegcbH2 5’-GGKGTGAARTTTTCTGGG-3’
a from Kocher et al. 1989.
b from Harshman 1996. 
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A model-based tree topology with branch support estimates was produced using a
Bayesian approach implemented in the program MrBayes (Huelsenbeck and Ronquist 2001).
The program approximates the true distribution of a parameter using Monte Carlo methods,
creating a large set of samples via a random walk (Markov Chain) through parameter and tree
space.  Trees and parameter estimates are subsampled at regular intervals.  A majority-rule
consensus tree produced from the sampled trees produces support values for individual nodes
that approximates the posterior probability of a clade occurring given the data.  Markov Chains
ran for 5 million generations as well as shorter 1 million-generation runs.  The Markov chains
were sampled every 1000 generations, yielding 5000 or 1000 parameter estimates depending on
the length of the run.  The shorter runs were used to help estimate the numbers of generations
needed to reach stationarity, which is the point at which parameter estimates have converged on
a value, and the Markov Chain is sampling in the vicinity of the maximum likelihood tree and
parameter space.  This initial number of generations, the "burn-in", was then excluded from all
analyses.  The shorter runs were also used to ensure that independent starting points converged
on the same likelihood scores and parameter values.  A site specific gamma model was employed
in Bayesian analyses, dividing the data into three partitions by codon position.
RESULTS
The total amount of DNA sequence data varied across individuals.  The standard primers
produced 1045 base pairs (bp) for all of the outgroups and most of the ingroup taxa.  DNA
extractions from toe-pads or feather snips produced shorter sequences, ranging from 346 bp. for
the Uganda sample of P. subsulphureus, to 548 bp for the Angola and Cameroon samples of P.
coryphaeus.  All of the sequences aligned without gaps or stop-codons, except for two samples
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of P. chrysoconus, which lacked the last codon of the cytb gene.  Generally, gaps in protein-
coding sequences can indicate the presence of nuclear pseudo-genes.  However, these two
sequences contained no stop codons or other indels, and the resulting relationships were
uncontroversial.  The deletion of a full codon causes no downstream translational errors and the
last codon before the stop codon may not affect function of the resulting protein.
Parsimony (Fig. 4.2) and Bayesian methods (Fig. 4.3) produced highly concordant
phylogenetic estimates for the tinkerbirds.  There is a well-supported basal split that separates the
montane (P. coryphaeus, P. leucomystax) and coastal species (P. simplex) from the rest of the
taxa.  Within the larger group two open woodland taxa (P. chrysoconus, P. pusillus) are nested
within lowland forest species (P. subsulphureus, P. atroflavus, P. scolopaceus) and one species
that inhabits a variety of forest and woodland habitats (P. bilineatus).  Branch support indices
indicate low support for the monophyly of two species, P. leucomystax and P. chrysoconus. 
Several tinkerbird species exhibited high levels of intra-specific divergence between
geographic samples (Table 4.3).  The greatest divergences were between West and South African
samples of P. chrysoconus (7%) and between coastal and interior samples of P. bilineatus (6%).
More moderate levels were found between West and Central African samples of P.
subsulphureus (3.7%) and between montane areas in P. leucomystax (1.7%) and P. coryphaeus
(2.8%).  Distance estimates involving individuals with short DNA sequences were calculated
only with the segments of sequence common to both samples in question
DISCUSSION
The results from this study indicate that the evolutionary history of the tinkerbirds has
been more complex than expected in a genus of so few species.  Although a full phylogeny of 
119
Figure 4.2.  50% majority rule concensus tree from 100 parsimony bootstrap replicates.
Transitions down-weighted 2:1 at third codon positions.  Bootstrap proportions ≥ 50% are
labeled on branches.  Two-letter country codes are as follows: AO, Angola; BI, Burundi; CF,
Central African Republic; CM, Cameroon; GH, Ghana; KE, Kenya; TZ, Tanzania; UG, Uganda;
ZA, South Africa. 
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Figure 4.3.  Bayesian consensus tree of tinkerbird relationships (site specific gamma model with
6 substitution types and invariant sites).  Numbers are posterior probabilities of each node.  Two-
letter country codes are as follows: AO, Angola; BI, Burundi; CF, Central African Republic;
CM, Cameroon; GH, Ghana; KE, Kenya; TZ, Tanzania; UG, Uganda; ZA, South Africa. 
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African barbets is necessary to reconstruct ancestral states, it is hypothesized that African barbets
were originally forest dwellers (Short and Horne 2001).  This is highly likely considering that
barbets in other tropical regions are restricted to forest area and all four major clades of African
barbets contain forest-dwelling species. Assuming an ancestral state of lowland forest dwelling,
the tinkerbirds have radiated to inhabit all but the driest of African habitats.  In addition, all
species for which I obtained geographic sampling exhibit high levels of intraspecific genetic
divergence, demonstrating further differentiation after expansion into new habitats.  Patterns of
intraspecific differentiation indicate that diversifying mechanisms have influenced tinkerbird
evolution in a variety of habitats.         
TRADITIONAL SPECIATION MODELS AND INTRASPECIFIC DIVERGENCE LEVELS
Several recent studies of speciation in African birds appear to be unduly affected by
sampling artifacts.  Fjeldsa (1994) and Fjeldsa and Lovett (1997) used the DNA-DNA
hybridization data of Sibley and Ahlquist (1990) and a variety of other sources (e.g. Sibley and
Monroe 1990, Dowsett and Dowsett-Lemaire 1993) to designate species as “young”, “medium
old”, or “old”.  Age classes were differentiated using the T50H value from DNA hybridization
(Sibley and Ahlquist 1990).  Young groups were defined as those with 10 or more species
radiating above the T50H 2.5 level.  Old species diverged from sister taxa before T50H 5.  Plotting
species distributions identified concentrations of old and young species.  Lowland tropical forest
contained a large number of old species, whereas montane areas contained a large number of
young species.  Unfortunately, in this approach, named species are assumed to be equivalent,
homogeneous units.  This is a limitation produced by Sibley and Ahlquist’s sampling of few
closely related species or subspecies, and the slow rate of nuclear DNA evolution.  Studies
utilizing mitochondrial DNA sequence data should be able to detect variation within species
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more effectively and, indeed, using mtDNA sequence data, Roy (1997) and Roy et al. (2001)
found evidence of substantial recent differentiation within species between many mountain areas.
However, they did not conduct similar sampling in lowland areas.  Furthermore, the taxa they
selected were almost exclusively restricted to montane areas (akalats, Sheppardia; Roy et al.
2001) or when they did study taxa with lowland representatives (e.g. greenbuls, Andropadus;
Roy 1997), they did not sample the lowland forms thoroughly.  Consequently, the Fjeldsa-Roy
group failed to test the degree of diversification in “old” lowland groups.
In contrast, Beresford and Cracraft (1999) examined a lowland radiation of forest robins
(Stiphrornis) and found geographic structure consistent with lowland Pleistocene refugia.  Theirs
was the only study to sample an African forest bird extensively across its range.  They found that
diversity within the genus was also far greater than implied by its monotypic status.  The major
genetic divisions of this species were between West Africa, Eastern Congo Basin, and Western
Congo Basin.  Diamond and Hamilton (1980) had earlier identified these three areas as likely
Pleistocene refugia.  
Even with limited sampling, the tinkerbird data agree with the finding of Beresford and
Cracraft (1999) and indicate that there is diversity within species that must be accounted for in
speciation models.  Populations of P. subsulphureus are 3.5% divergent between Ghana and
Central African Republic (Figure 4.4), localities hypothesized to be in or near two of the
Pleistocene refugia (Diamond and Hamilton 1980, Crowe and Crowe 1982).  In contrast, the two
montane species (P. coryphaeus, P. leucomystax) showed low levels of intraspecific divergence.
For example, samples of P. coryphaeus from widely disjunct populations in Angola, Cameroon,
and Uganda had a maximum genetic divergence of 2.8% (Figure 4.5).  Taken as a group, the two 
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Figure 4.4.  Distribution map and sampling localities for the three forest tinkerbirds.  Distribution
plotted is for P. subsulphureus.  Distributions of P. atroflavus and P. scolopaceus are very
similar.  Numbers and arrows indicate uncorrected sequence divergence between localities. 
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Figure 4.5.  Distribution map and sampling localities for the montane and coastal tinkerbirds (P.
simplex, P. coryphaeus, and P. leucomystax).  Numbers and arrows indicate uncorrected
sequence divergence between localities. 
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montane species exhibited a maximum divergence of 5% and further differentiation within each
species between mountain areas, evidence of a recent origin of montane diversity.
DIVERSITY OUTSIDE THE FOREST ZONE
The highest levels of intra-specific differentiation among tinkerbirds occurred in two
species not restricted to montane or lowland forest areas.  P. bilineatus and P. chrysoconus occur
outside of the forest zone, and both have cytb divergences greater than 5% between sampling
localities.  Furthermore, both species exhibit subspecific differences in plumage, and either voice
(P. bilineatus) or size (P. chrysoconus); further indications that these species encompass
independent lineages on their own phylogenetic trajectories.  
The Yellow-fronted tinkerbird, P. chrysoconus, is a widespread taxon of drier areas
outside of the main forest block (Figure 4.6).  Three subspecies are described, two of which were
sampled in this study.  The nominate subspecies, found between the Sahara and the northern
edge of the forest zone, is not sister to the southern subspecies (extoni) in this analysis.  Instead,
there is very weak support for a sister relationship with the northern population of P. pusillus,
another dry-country tinkerbird.  Samples from the southern population of P. pusillus were not
available for this study.  The current range of P. chrysoconus is constricted as it passes to the
west of Lake Victoria.  More extensive sampling will be necessary to determine if this range
constriction coincides with genetic disjunction in the species. 
The Yellow-rumped Tinkerbird (P.bilineatus) is found in a wide range of habitats,
including tropical forest, open woodland, coastal forest, and montane forest (Figure 4.7).
Throughout most of its sampled range and habitats it shows little or no genetic differentiation.
However, samples from the East African coast are highly divergent (6%) from the rest of the 
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Figure 4.6.  Distribution map and sampling localities for the open-country tinkerbirds (P.
chrysoconus and P. pusillus).  Numbers and arrows indicate uncorrected sequence divergence
between localities. 
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Figure 4.7.  Distribution map and sampling localities for P. bilineatus.  Numbers and arrows
indicate uncorrected sequence divergence between localities. 
136
137
localities.  Coastal samples are also split into two groups; one individual from the mountains near
the Tanzanian coast has diverged by 5% from the lowland coastal forest samples.  This coastal
forest habitat is an area of high endemism for birds (Burgess et al 1998, Waiyaki and Bennun
2000), including the endemic Eastern Green Tinkerbird (P. simplex).  The call of coastal P.
bilineatus individuals is different from the rest of the range.  This difference has often been
noted, but not afforded much significance in indicating subdivision within the species.  Instead,
P. bilineatus has occasionally been split into two species by the intensity of rump color, which
does not appear to parallel the genetic discontinuity.  This division into “Golden-rumped” (P.
bilineatus) and “Lemon-rumped” (P. leucolaima) forms roughly splits the range on a north-south
line through Uganda, Rwanda, and Burundi.  More sampling from East Africa, especially
vouchered samples, is necessary to determine the distribution of each lineage.
THE INFLUENCE OF CURRENT CONDITIONS
It is apparent from the distribution maps (Figs. 4.4-4.7) that range discontinuities and
constrictions exist in several species, possibly indicating current barriers to dispersal.  These
range discontinuities generally coincide with obvious habitat discontinuities.  For example, open
woodland habitat occurs in a wide belt between the forest zone and the Sahara Desert and in a
large belt south of the forest zone.  However, the forest block in the Congo basin separates these
two woodland regions except for possible connections through East Africa.  The range of P.
chrysoconus coincides with this woodland habitat, and samples from the northern and southern
portions have diverged by 7% (Fig. 4.6).  The Dahomey Gap, a dry region in Togo and Benin,
separates the main forest block from West African forest.  Many forest birds do not occur in this
gap, and samples of P. subsulphureus from either side of the gap have diverged by 3.8% (Fig.
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4.4). It is unknown how much migration occurs between populations divided by the Dahomey
Gap.  
Habitat differences also exist within an apparently continuous species distribution.  For
example, the distribution of P. bilineatus spans the coastal and interior forests but is constricted
in southern Tanzania (Fig. 4.7).  There is substantial genetic differentiation within the species
that parallels habitat differences (coastal vs. interior vs. montane).  However, it is uncertain if
these differences arose in response to habitat differences (Smith et al. 1997) or in allopatry
(perhaps via a model akin to the lowland refugia hypothesis) and the species’ current range is a
result of secondary contact.  The interior rainforest and the coastal forests are ecologically
distinct, but their effect on selection and gene flow is unknown.  Vicariance hypotheses within
habitat types rely on drift or sexual selection for divergence between allopatric populations.
However, habitat differences across an organism’s range can facilitate differentiation through
diversifying selection.  
CONCLUSIONS
Previous studies identified three models of speciation for Afro-tropical birds.  These
studies produced data that supported increased speciation rates in lowland forest via refugia
(Diamond and Hamilton 1980, Crowe and Crowe 1982, Mayr and O’Hara 1986), montane forest
via vicariance (Fjeldsa 1994, Fjeldsa and Lovett 1997, Roy 1997, Roy et al. 1998, Roy et al
2001), or along ecotones via differential selection (Smith et al. 1997).  The ecotone model has
been presented as a speciation model that may occur in conjunction with other models.  In
contrast, the montane speciation model has recently been presented as an alternative to the
refugia model.  This either-or logic is unfortunate because the explanation of biodiversity
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patterns by alternative models needs not be mutually exclusive.  The tinkerbird data do not refute
any of the models, but they strongly suggest that several alternative forces may have acted to 
create current diversity in Africa.  This study indicates that tinkerbird taxa currently described as
species contain high levels of genetic structure, and only through extensive sampling in both
montane and lowland areas is support apparent for recent diversification in those areas.  More
extensive sampling within the barbets, and many other African bird groups, is needed to draw
more general conclusions.
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CHAPTER 5: CONCLUSIONS
Molecular data offer systematists a powerful tool for understanding the evolutionary
history of organisms.  Once genealogical relationships of a group are well corroborated, topics
such as historical ecology, molecular evolution, mechanisms of speciation, etc., can be addressed
in a phylogenetic context.  However, the results of such systematic studies are only as reliable as
the underlying phylogeny.  I began this dissertation by examining the relationships of a
pantropical group of birds, the barbets.  The resulting phylogeny was used to infer aspects of the
evolution and biogeographic history of the family.  To gain additional biogeographic perspective,
I then reanalyzed published molecular phylogenetic data for trogons, another pantropical bird
family.  In the course of this reanalysis I investigated evidence of severe data incongruence
between two linked genes, which limited resolution in the trogon phylogeny.  Although I
intended to compare the biogeographic history of the trogons and barbets, lack of resolution in
the trogon phylogeny precluded general conclusions.  Finally, I returned to the barbets and
examined in more detail the patterns of differentiation within a genus restricted to Africa, with
the particular purpose of investigating models of speciation in the region.  The major conclusions
of this dissertation can be divided into three categories: issues of data incongruence and
phylogenetic inference, history of avian pantropical biogeography, and speciation patterns in
Africa.  These three topics are discussed below.
DATA INCONGRUENCE AND ISSUES IN PHYLOGENETIC INFERENCE
Systematists continuously seek to improve the accuracy of phylogenetic inference.  In
general, this involves two approaches: improving the quality of data and improving the
effectiveness of analytical methods.  Each approach has seen a series of advances that have
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drastically increased the accuracy of phylogenetic inference.  By necessity, advances in data
collection and analytical methods are often synergistic.  For example, DNA sequencing
technology paved the way for likelihood models incorporating substitution rate matrices, codon
properties, and site-specific rate heterogeneity.  Although it is certain that advances in systematic
methods have increased the accuracy of phylogenetic inference, accuracy is difficult to test in
phylogenetics.  One way to test whether data and analytical methods are producing reliable
results is to compare multiple data sets and analytical techniques.  Using appropriate
phylogenetic methods, independent data sets collected from the same set of organisms should
yield congruent results.  
My studies of the higher level relationships of barbets and trogons each included DNA
sequence data from two genes and employed a variety of analytic methods.  In both cases I
encountered differences in tree topology depending upon the data and type of analysis used.
However, the nature of incongruence was quite different in the two studies.  In the barbet study I
was able to reject certain results with confidence and obtain a highly corroborated phylogeny.  In
contrast, the trogon data set proved to be intractable to available methods of analysis and failed
to yield a well-supported phylogeny.  Comparisons between these two studies proved useful in
highlighting the strengths and limitations of phylogenetic methods.
The data set for the barbets consisted of DNA sequences of portions of two genes.  The
mitochondrial cytochrome b gene is a protein-coding gene that evolves relatively quickly and is
probably the gene most commonly used in phylogenetic studies.  In contrast, β-fibrinogen intron
7 is a non-coding portion of a nuclear gene.  It evolves more slowly than mitochondrial genes
and has been used only recently in phylogenetic studies.  In addition to an overall rate difference,
the two genes differ in other substitution properties, base composition, and among-site rate
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patterns.  A variety of phylogenetic methods produced different topologies from each of these
genes.  However, topology testing (Shimodaira and Hasegawa 1999), results of DNA-DNA
hybridization studies (Sibley and Ahlquist 1990), and indel mapping indicated that the
cytochrome b topology could be rejected in favor of both the fibrinogen and combined-data
topologies, which were highly concordant.  This conclusion was strongly supported by the
observation that none of the differences in topology between gene trees was significantly
supported in the cytochrome b tree.  Differences in topology could be attributed to stochastic
error; the quickly evolving cytochrome b sequences clearly suffered from substantial homoplasy,
which led to an incorrect, unsupported phylogeny.  
The trogon data set consisted of two mitochondrial genes: cytochrome b and the 12S
ribosomal subunit.  Like introns, ribosomal genes do not code for proteins.  However, they
produce RNA molecules that are involved in complex interactions with proteins and therefore
fold into elaborate 2° configurations.  Because they are physically linked on a non-recombining
molecule, mitochondrial genes should have experienced the same history and produce
concordant phylogenies.  However, an Incongruence Length Difference test indicated
incongruence in the phylogenetic signal contained in the two gene sequences.  Although the ILD
test is fraught with potential shortcomings, the incongruence was verified in phylogenetic
analyses. Topological differences occurred at the base of the tree and in distal branches and were
significantly supported by Bayesian posterior probabilities.  In addition, branch length
comparisons between trees indicated significant departures from proportionality.  There is little
consensus on the true relationships of the trogons, so evaluating the alternative topologies was
difficult.  However, topology testing indicated that the cytochrome b data could reject the 12S
topologies, but not vice versa.  The most likely cause for the failure of 12S to reconstruct trogon
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relationships accurately is model misspecification.  In fact, the 12S data actually violate two
major assumptions inherent in phylogenetic analyses: independence of substitutions and
Markovian substitutions (lack of historical effect).  12S has been found to yield incorrect trees in
other studies and, although proven problems with it are rare, it clearly should be used in
phylogenetic studies with caution.
Taken together, these two studies underscore the importance of rigorous data testing and
multiple gene analyses.  By itself, the barbet cytochrome b data provide a very different picture
of barbet evolution than when combined with the intron data.  Although inconsistencies in the
barbet cytochrome b tree were not significantly supported, they could still lead systematists in
the wrong direction.  The trogon results confirm the importance of choosing models of evolution
that are appropriate for the data.  The extent of model misspecification errors in systematics is
uncertain, but some empirical data are sobering (Buckley 2002).  
PANTROPICAL BIOGEOGRAPHY
The barbet data set produced a well-supported phylogeny indicating monophyly of
barbets from each of the three tropical regions.  This result contradicted previous studies of
barbet relationships (Prum 1988, Barker and Lanyon 2000).  Genetic divergence estimates
implied a relatively ancient (Paleocene or Eocene?) origin of barbets in each tropical area.  Any
secondary dispersal out of the three continental areas has been masked by extinction.  At this
time there is no evidence that barbet distribution is a result of vicariance due to the break up of
Gondwanaland.  A key element in the Gondwanan scenario is the Australian region, and no
barbets are known to have lived there
The barbet phylogeny provides an explanation for the great similarity of two genera,
Gymnobucco and Calorhamphus, which occur in Africa and Asia respectively.  It is now clear
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that these two genera are not closely related, and the similarities in their plumage, voice, and
behavior resulted from convergent evolution.  It is likely that these traits evolved in concert,
although the sequence is unclear.  Drab plumage and the loss of complex vocal repertoires could
enable the evolution of coloniality via a loss of territoriality.  Conversely, the evolution of
coloniality could select for loss of plumage color and diminution of vocal characters, to
minimize potential conflict within a colony.
Although the trogon reanalysis provided an important example of data incongruence, it
added little to the study of avian pantropical biogeography.  All of the trees that were produced
had low support indices at basal nodes.   As demonstrated in the barbet study, branch support
values must be evaluated conservatively.  Trogon relationships can be considered only partially
resolved.  Additional data, such as nuclear intron sequences, are required to resolve the trogon.  
AFRICAN SPECIATION PATTERNS
Most empirical attempts to identify speciation mechanisms and explain biodiversity in
Africa have focused on groups that inhabit the tropical forest zone or groups restricted to
montane forests.  Although diversity and endemism are high in these habitats, they do not
encompass the full range of variation in most groups of birds, which live in multiple habitats.  To
address this problem, I examined one of the four African lineages of barbets, the tinkerbirds.
Species in this group occur in a variety of habitats and thus offer an opportunity to examine the
possible role of habitat change in the speciation process.  
Three main conclusions can be drawn from the tinkerbird data.  First, shifts in habitat
occurred relatively early in the tinkerbird phylogeny.  Subsequent speciation occurred within
habitat types.  Second, there was significant geographic variation in all species for which I had
extensive sampling regardless of habitat type.  Plumage or vocal differences paralleled the
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genetic discontinuity in some instances, further evidence that some species encompass multiple
distinct lineages.  Third, recent studies testing African speciation models have often used named
species as the basic units of biodiversity.  The tinkerbird data suggest that this approach
underestimates true diversity and misses patterns of recent divergence.  More extensive sampling
within the tinkerbirds and the other three lineages of African barbets will need to be considered
before broader conclusions can be drawn.
Speciation models, such as Fjeldsa’s montane speciation model, that focus on a single
habitat type may be missing an important element in the creation of biodiversity.  Vicariance
hypotheses within habitat types rely on drift or sexual selection for divergence between allopatric
populations.  However, habitat differences across an organism’s range can facilitate
differentiation through diversifying selection.  For example, P. bilineatus has a continuous
distribution across the lowland African forests and coastal forest, yet there is substantial genetic
differentiation within the species that parallels these habitat differences.  However, it is uncertain
if these differences arose in response to habitat differences (Smith et al. 1997) or in allopatry
(perhaps via a model akin to the lowland refugia hypothesis) and the species’ current range is a
result of secondary contact.
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